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ABSTRACT 

The re duc t ion of Nd 2o
3 

and Gd 2o
3 

by C in a Sn so l vent was inves t igated 

ove r the temperatu re range 1585-1760°C and a vacuum of 10-S torr. Reduc-

tion of Nd 2o
3 

by C was accomp li s hed by heating at 1700°c for 17 hours under 

a vacuum o f 10-S torr. Nd- Sn a ll oys prepared in this manner contained 

0.7% C and 0.06% 0. The reduction of Gd 2o3 
by C in a Sn solvent was 

a ccomp lished by hea ting at 1760°c for 17 hours unde r a vacuum of 10-S torr. 

The Gd-Sn a ll oys pr epa red under these condit ions contained ~ 1 .8% C and 

0.3% 0. Because of the higher reaction temperature (>1760°C) Gd-Sn alloys 

contained more carbon than Nd- Sn alloys. It was thought that the h i gher 

carbon contents were f rom the graphite cruc i b l es used to contain the Gd-Sn 

al Joys. 

All effort s to vacuum di s till Sn from Nd- Sn and Gd-Sn al Joys were un-

s uccessfu l. In the case of Nd-Sn a ll oys, vacuum di st il lat ion at ~ 1760°c 

for 3 hours resulted in the fo rmat ion of a phase with the approxima t e 

composition Nd5sn
3

. Vacuum distillation o f Gd- Sn a ll oys at 1760 -1800°c 

for 4 .S hours resu lted in the formation of a black magnetic and nonmetallic 

powder with th e compos iti on 42.3 a/o Sn and 57.7 a/o Gd . Thus , our 

invest igations showed that carbotherm ic reducti on of Nd 2o
3 

and Gd2o
3 

in a 

Sn so lven t, and subsequent vaporization of Sn, cannot be used to prepare 

pure Nd and Gd metals . Neither was the intermediate Nd-Sn and Gd-Sn 

alloys particul ar ly pure, espec iall y with respect to C and 0. 

IS- T-907 



I . INTRODUCTION 

A. Review of Methods Used to Prepare Rare Earths 

The pre paration of rare earth metals has been done succes sfully by 

the following methods: 

1. metallothermic reduction of the fluoride, 

2. me tallotherm i c reduction of the oxide, 

3. metallothe rmi c reducti on of the chl oride, 

4 . and electrowinning of the chloride, fluoride and oxide. 

A fifth me thod , carbothermic reduction of the oxide , has been used to 

prepa re Sc and some of the vo latile rare earths. ( l ) However, this method 

has not been adop t ed to a commercial scale. Each of the four above 

met hods have been recently reviewed by Beaudry and Gschneidner. (2) Con -

seq uentl y, only the fundamental aspects of each method wil 1 be considered 

here. 

l. Metal loth ermic reduction of the fluoride 

The preparation of ra re earth metals v i a meta ll othermic reduction of 

th e f luorides begins with the pure ox ides . Using pure s tarting materials 

significantly reduce the amount of impuriti es in the final meta l product. 

The ra re earth oxides prepared in the Ames Laboratory for this study were 

99.999% pure with respect to all rare earth impurities and other cation 

impurity e l ement s . Vo lat il e impuriti es are not of much concern because 

they can be removed by vac uum melting the rare ea r th metals . 

Metal lothe rmi c reduc tion of the rare earth fluorides can be divided 

into three groups depending upon the procedure used to prepare them . The 

melti ng and boiling points determine what metals belong t o what group. 
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Group I cons i sts of La, Ce, Pr and Nd which have low melt i ng points and 

high bo ili ng points. Y, Gd, Tb and Lu which have moderate to high melting 

points and high boi l ing points make up Group I I. The elements Sc, Dy, Ho 

and Er which have high melting points and moderate boiling points compose 

Group I I I . The remaini ng natura l occu r r i ng rare earths, Sm, Eu, Tm and 

Yb, have low boi l ing points and are obtained by direct reduction from 

their respective oxides rather than their respective fluorides. 

The conversion of the rare earth oxides to the fluorides is accom-

plished by the two step process of Spedding and Henderson as descr i bed in 

reference 2 . Essentially, the process consists of passing anhydrous HF and 

60% Ar over the rare earth oxide at 700°c for 16 hours . The oxide is con-

tained in a Pt boat to prevent contamination of the oxides and the fluo r ide 

product. The second step cons i sts of heat ing the fluoride approximate ly 50° 

above i ts me l ting point in a Pt crucible under a dynamic HF:60% Ar atmos-

phere. This is done to quantitatively convert the remaining oxide to 

fluoride. 

In all cases, the reductant meta l i s triply disti 1 led Ca metal. The 

Ca reduc t ant must be hand l ed in an inert atmosphere because of its chemica l ly 

reactive nature that can lead to further contamination of the final product . 

The reaction cruc i bles are constructed of "high purity, pickled and 

annealed Ta sheet". These cruc i bles are heated in a vacuum of 

l x I0-6 torr to 1900°C to remove vo latile impurities . 

A typical reduction of f l uorides from Group I can be illustrated as 

follows: f i fteen per cent excess Ca of the theoretical amount required 

to reduce the fluoride i s mixed with CeF3 and packed in a Ta crucible in 

a He-f i l ied glove box. The reaction crucible is placed in a vacuum 
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induction fu rnace and the pressure is reduced t o l x l0-6 torr. Ar is 

admitt ed t o the system a nd t he crucib l e and reactants heated to a 

temperature above the melt i ng point of the highest melting reactant or 

product. After reacting the CaF2 s lag floats to the top of the metal. 

The Ca, CaF2 and H a re removed by vacu um me lting. 

The metals in Groups I I and I I I are prepared by a variation of the 

above method. However , after vacuum melting they are further purified, 

primarily to remove the dissolved Ta, by distillation. In addition, the 

dis ti 1 lat ion conditions are different for the two groups. 

2. Metallothermic reduction of the oxide 

Because of their hi gh vapor press ures, the rare earth meta l s Sm, 

Eu, Tm and Yb are prepared by the reaction 

( 1 ) 

in which the react i on goes to comp l etion due to removal of these metals 
;'; 

by volatilization. Mi schmetal may be used to reduce Sm, Eu and Yb from 

their ox i des if the cost of La i s important. (2 ) Howeve r, if mischmetal 

i s used to prepare Tm it wi 11 be contaminated with Nd from the mischmetal. 

Thus, La or Ce must be used for the reduction of Tm if h i gh purity is 

required . 

. ~ 

.. Mischmetal i s an a lloy whi ch contains the rare earth metals in the 
same proport ions as found in the orig inal ore sources from which the 
mischmetal was made. Mi s chmetal prepa red from Bastnasite contains 33% La , 
50% Ce, 4% Pr, 12% Nd and 1% Y p lu s t he remaining l anthanides; while that 
prepared from monazite conta i ns 21% La, 47% Ce, 6% Pr, 20% Nd, 2% Gd, 2% Y 
and 2% the remaining lanthanides. 



3. Metallothermi c reduction of the chloride 

Rare earth meta l s have been prepared by Li reduction of the chlorides. 

Y was the first of the rare earths produced by this process . Reduction 

of the rare earth chl o ri des by Li has been adapted to a commercial 

sca l e. (2) Essent ially , the process consisted of placing crude chloride 

and commercia l grade Li into the appa ratus shown in Figure 1. The 

chambe r was evacuated and heated to di st i I I the RCJ 3 in to the lower 

crucible shown . Afte r reaction, a mo lten mi xtu re of rare earth and LiCJ 

s lag was obtained . The Li Cl s lag was disti I led from the reaction 

curcib l e . The l ow me lting rare earth metals we re consolidated by arc 

melti ng or induction mel ting. Because of the low reaction temperature 

(800- J000°C), the resulting rare ea rth metals we re not contaminated 

with c r ucible material. A variation of this me thod has been used by 

Ca r l son and Schmid t to obtain high pur ity Y. (2) 

4 . Elec t rowinning of the chloride, fluoride and oxide 

Presentl y , the electrolytic method i s used t o prepare the largest 

amounts of rare ea rth metals. (2) The electrolyt ic me thod is the cheapest 

of all methods used t o prepare rare ea rths. However, there are severe 

l im i tation s to the e lectrol yt ic process, the mos t se ri ous one being the 

l imited l l00° C ope rating t empe rature because of the reactivity of the 

rare earths at elevated temperatures. Therefore, this method is li mi t ed 

to the first four lanthanide metals, La, Ce, Pr, Nd and mischmeta l. 

La, Ce , Pr , Nd and mischmeta l are prepared comme rcially by e lectro-

winning from their ch lo r ides. The chlorides are hygroscopic and di f ficult 
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- fo Vacuum 

RCl3 (crude} 

RCl3 (distilled}+ 3 Li (vapor) 
..... 3LiCI (liquid)+ R (solid} 

Figure 1. Reducti on crucible used for the Li reducti on of RC1
3 
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to handl e . Therefo re, high pu rity La , Ce, Pr and Nd a re obtained by 

e l ectrode position from the fluorides because they are not hygroscopic. 

The e l ectrolyt ic reducti on of the ox ides o f La, Ce, Pr and Nd has 

been done successfu lly . Thi s method has not been successfu ll y app lied 

to the prepa rat ion of the othe r rare earths owing to their hi gh me lt ing 

points. However, recent studies by Gschneidner and co- workers have 

shown that high purity Gd meta l can be obta ined by e l ectrow i nn ing at 

~900°C and collect ing solid Gd dendrites a t the cathode . (2 , 3• 4 • S) 

In addition to elect row inning, Zw il ling and Gschneidner have also 

reported the elect rorefining of Gd i n a molten f l uoride electrolyte. (G) 

B. Carbothermi c Reduct ion of the Oxide 

Carbo thermi c reduc t ion of reactive me tal ox ides has been us ed 

t o produce metal s that do not fo rm stab l e ca rbides . For 

example, the F. J. Hansgr i g process has been used to obtain Mg by the 

reduct ion of MgO with carbon . 

2200°K M 
MgO(s) + c(s) ->- g(g) + co(g) t (2) 

The react ion i s poss ibl e beca use Mg vapor izes as it forms. In addition, 

the evo lution of CO gas dri ves the reac ti on t o the right. However, 

reacti on (2) can undergo revers ion unl ess p recaut ions are take n to 

sepa rate the Mg and CO vapors . 

The ext racti on o f Zn by ca rbothermic reduction of ZnO has been 

adapted to a comme rc i a l sca le. 

ZnO( s) + C(s) ->- Zn{g) + CO{g) t (3) 

Reacti on (3) will also exhibit reve rs ion i f the reduced metal i s not 
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removed as it forms. In spite of this drawback, good qual i ty Mg and Zn 

can be prepared by ca rbothermic reduction of the respective oxides. 

Carbothermic reduction of AJ 2o3 
has been attempted for a number of 

years, but with I ittle success. Reduction of Al 2o
3 

by carbon takes place 

to some extent at temperatures app roaching 2000°C. However, the predom-

inant product is a complicated mixture of carbide and oxy-carbide. 

The carbothermic reduction of uranium oxides has been studied for 

at least two hundred years. The ea r liest known attempts to reduce 

uran i um oxides with carbon were done by Klaprath in 1789 as described in 

reference 7. It was a hundred years after the discovery of U that Moissan 

s howed that carbothermic reduction could be used to prepare U me tal. The 

uranium metal, however, was highly contaminated with ca rbon . 

In te rests were renewed in the carbothermic reduction of uranium 

ox ide during World War I I. The Sylvan i a process resulted from these 

efforts, and was used to prepare 100-pound quantities of the metal. Even 

this process s uffered from l ow y ields and carbon contamination. This work 

was further improved by Wilhelm in 1960, but again the U metal obtained 

was contaminated with carbon. (7) 

The preparation of rare earths by carbothermic reduction has received 

some attention as indi cated by a number of patent c laims and other l itera-

ture on the subject . Probably the most complete work in this area was done 

by the French worker Achard and the Soviet worker Ky s tobaeva. (8 , 9 ) A 

patent has al so been g ranted for the preparation of volati le rare earths 

by carbothermic reduction. (l) Esstent ially, the process of heating a 

charge of rare eart h ox ides mixed with carbon under high vacuum 
- 8 0 ( 10 torr) and high temperatures, >1900 C. The intermediate products 
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a re the rare ear th ca rbides. The ca rbides a re thermal ly decomposed to 

the me t a l s. It has been reported that Sm, Nd, Eu, Dy , Ho, Er and Tm 

can be prepared by thi s method. Howeve r, no known commercial process 

for prepar i ng rare earths is based on this method. Thus, to date 

there has been no commercial process that a l lows direct carbothermic 

reduction of rare earth oxides, and for that matter, most other active 

meta l oxides, to the metal without carbide format ion. 
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I I . THEORY OF CARBOTHERM I c REDUCT I or~ 

A. Gene ralized Equati ons for Carbothermic Reduction 

The generalized reacti on for carbothermic reduction can be written 

as follows(]}: 

MOz + (x + y}C = M + xC02 + yCO (Ai) 

where z = (2x + Y). The basis for any carbothermic reduction of a metal 

oxide i s the Boudouard reaction 

2co(g) = c(s) + co2(g}. 

It is a combination of the fol lowing reactions: 

= co2{g) 

(5) 

(6) 

( 7) 

Using Figure 2, it can be seen that at l atm total pressure the standard 

free energy for the oxidation of carbon to CO and the standard free 
0 energy of formation for co2 are eq ual at 710 C. At temperatures below 

710°c, CO is a more active reducing agent, and at temperatures above 

710°c solid carbon is the more act ive reducing agent. Thus, the oxidation 

of carbon will produce a mixture of co and co2, but at low temperatures 

co2wil1 be the predominant gas phase in equilibrium with graphite, 

whereas at high temperatures (>710°c) CO is the predominant gaseous 

component. 
0 It has been shown that at 710 C and l atm total pressure the free 

energy difference between reactions (6) and (7) is zero. Therefore, 

reducing the pressure shifts react ion (5) to the left in accordance with 

Le Chatel ier' s Principle. The s i gnif icance of this statement and reaction 

(5) will be elaborated in later sec tions. 
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Figure 2. The Ellingham diagram for metallurgically important oxides 
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B. Problems Associated with Carbothermic Reduction 

Carbothermic reduction of rare earth oxides and other reactive metal 

oxides poses two formidable problems: 

1. 

2. 

formation of stable carbides, and 
0 the use of temperatures >2000 C. 

Firstl y, the formation of carbides during reduction is often un-

desirable. The carbides usually do not have much commercial value, with 

the exception of uranium, tungsten, etc., and are better avoided. In 

gene ral, the desired product is the metal and not the carbide. 

The formation of carbides during carbothermic reduction follows 

directly from thermodynamic considerations. Reaction (4) can proceed to 

an appreciable extent, but carbide formation will intervene if the free 

energy of the reaction is less negative than the free energy for the 

formation of carbides, i.e., the following reaction: 

M + xC ~ MCx. (8) 

Unfortunately, this is the case for the reduction of most active metal 

oxides with carbon. Thus, the problem of carbide formation must be 

solved before there is . hope of carry ing out a successful carbothermic 

reduction. 

Secondly, the reduction of most active metal oxides with carbon 

requires high temperatures. The necessity of using high temperatures can 

be visua li zed by examining a plot of free energy of formation of oxides 

versus temperature, see Figures 2 and 3. For example, consider the 

carbothermic reduction of Al 2o3 at 1 atm total pressure: 

Al203 + 3C ~ 3co+ + 2Al. (9) 

It can be seen from Figure 2 that the lines for the formation of Al 2o3 
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and CO cross at a tempera ture of 2000°C. At this temperature and 1 atm 

pressure, the free energy change for reac tion (9) i s zero. This can be 

interpreted to mean that the reduction of A1 2o3 by carbon wi 11 start at 
0 0 2000 C and 1 atm total pressure. At temperatures below 2000 C and 1 atm 

total pressure, no reduction by carbon i s possible because the 6G for 

reaction (9) is positive, whereas above 2000°C the free energy for the 

reaction becomes negative . 

C. Overcoming the Problems of Carbothermic Reduction 

In order to more fully understand the effects of pressure on the 

position of the line generated by equation (5), consider the following 

reaction: 

(10) 

Equation (10) results because at any temperature T, the CO/C02 mixture in 

equ i 1 ibrium with solid ca rbon exerts an equilibrium oxygen pressure by 

way of (10). If solid carbon is to be used as a reducing agent for the 

oxide M0 2 at the temperature T, then the p0 2 (eq} for (10) must be less 

than the p02 (eq) for the reac tion 

M + o2 = M0 2 . (11) 

The Ellingham line for reaction (11) is shown in Figure 4. The line for 

reaction (11) is seen to intersect the line cs at the temperature T , s 

which is the temperature at which 6G for the reaction 

M0 2 + 2CO = M + 2C02 
is zero, i .e., 

0 
6G (ll) at Ts= 0 = -RT ln 

Pco 2 
2 . 

Pco2 

( 12) 

( 1 3) 
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T °K -
0 200 400 600 800 1000 

Q Pco, IPco = 1 o• 
- flO 

r Pco, IPco = 10 

s Pco, 'Pco = 1 

Q' - 100 
u Pco, /11co - o 1 ., 

0 
E 
Ci a. 
iO Ji - 120 
(.'.) 
<3 

Figure 4. 

c 
- 140 

Illustration of the effect of the pC0 2/p CO ratio in a CO-C02 
gas mixture on the temperature at which the react ion equ ilib-
rium M + C0 2 =MO+ CO i s established. 
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At temperatures above Ts a co-co2 mixture of Pco/Pco
2 

= 1 is reducing with 

respect to M0 2 , and oxidizing with respect to metal temperatures below Ts. 

Decreasing the PCO /pCO ratio shifts the line generated by equation (5) so 
2 

that it wi 11 intersect the 1 ine for reaction (2) at lower temperatures. 

Therefore, the temperatures for reduction of a metal oxide can be lowered 

by decreasing Pea /Pea ratio by use of a vacuum. 
2 

Earlier, it was stated that the problem of carbide formation fre -

quently hampers carbothermic reduction of active metal oxides. Turning 

once more to thermodynamics, one can solve the problem of carbide formation 

by alloying with e l ements that are not themselves carbide formers. 

Alloying reduces the chemical activity of the reduced meta l to a level so 

that carbide format ion i s prevented. The use of Sn as an al laying element 

in the carbothermic reduction of uo2 has been studied by Anderson and 

Parlee . (lO) In this study it was claimed that reduc tion of uo
2 

by carbon 

in Sn was accomplished over a temperature range of 1550° to 1630°C and 

l to 10 tor r CO. The U metal obtained after evaporation of the Sn was 

claimed to contain only 0.0008% C, 0.0015% 0 and 5% Sn . In addition, 

s uccess was also claimed for the carbothermic reduction of Si, Zr, Ti, 

Al and Mg using Sn as the solvent. Also it was suggested that this process 

could be used to prepare rare earth meta l s. ( l l) Thus, t he purpose of 

this study was to show that the rare ea r th metals Nd and Gd coul d be 

produced by carbothermic reduction of Nd 2o
3 

and Gd 2o3 in Sn. 

The alloying element chosen for th i s study was Sn . Tin was chosen 

because: 

l. it forms s table intermetall ic compounds with Nd and Gd, and 

2. it has a h igh bo i ling point. 
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Firstly, one of the cr iter ia established by Anderson et al. for the 

solvent approach to carbothermic reduction was that the solvent must form 

stable intermetallic compounds with the reduced metal. (l O) The solvent 

metal decreases carbide format ion by lowering the chemical activity of the 

reduce metal. The known compounds of Sn-Nd and Sn-Gd are NdSn 3 , Nd5sn3 , 

Nd5sn4 , GdSn
3

, Gd 2sn
3

, and Gd5sn
3

. Some thermodynamic data for the RSn 3 
compounds is given in Table 1. 

Table 1. Thermodynamic data for the intermetal 1 ic compounds NdSn
3 

and 
GdSn3 

il GT ilHT ilST 
Compound (Kcal/mole) (Kcal/mole) (e. u.) (OK) Ref. 

NdSn 3 
-49 . 5a -62. 1 ± 0.8 -12.9 ± 0.9 973 12 

GdSn 3 -42.4 ± 0.2 -53 .2 ± 2.0 -10.3 ± 0.2 973 12 

aCalculated from ilG = ilH - TilS 

Secondly, a solvent me tal was needed with a high boiling for the 

carbothermic reduction of Nd 2o3 and Gd2o3. Figure 3 shows that in order 

to reduce Nd2o3 and Gd 2o3 with carbon under one atmosphere total pressure 

the reac t ion temperature would be in excess of 2000°c. Obviously, not 

many metals that meet the criterion for solvents can be used under these 

conditions. The solvent metal would simply disti 11 off before the 

reduction was complete. Therefore, one must choose a solvent that has a 

high boiling point. Based on its chemical and physical properties, Sn 

was chosen because it best matched the conditions for carbothermic 

reduction, Table 2. 



Table 2. 

l 7 

a Vapor pressure data for se lected elements 

Element 

Sn 

Nd 

Gd 

Vapor pres s ure 
(a tm) 

Temperature 
(OC) 

927 

1127 

1824 

2603 

955 

1175 

2029 

3068 

116 7 

1408 

2306 

3266 

a See reference 13 for source 
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I I I. EXPERIMENTAL 

A. Equipment Used for Carbothermic Reduction 

The major equi pment used in this study consisted of a graphite 

resistance furnace, fore pump, o il diffus ion pump, g raphite cruci bl es , 

an optical py rometer, and a catalytic converter. A photograph of the 

graphite resistance furnace and crucible is gi ven in Figure 5. The 

max imum temperature obtainable for this particular design of furnace was 
0 about 1900 C. Tempera ture measurements we re made using a calibrated 

optical pyrometer. Essentially, the ca l ibration procedure consi s ted o f 

p lacing an empty graphite crucible in the hot zone of the furnace and 

evac uating the system to 5 x 10-6 torr. The power was turned on and the 

tempe ra ture measured with an opt i cal pyrometer by sighting on the bottom 

of the cr~cible through a hole in the crucible lid. The resulting 

tempera tures were plotted as a function of voltage, Figure 6. A block 

diagram of the reduction system is g iven in Fi gure 7. 

A catalytic converte r was used to convert the evolved carbon monoxide 

to carbon dioxide. The catalyst was composed of 60% Mn02 and 40% CuO. 

The resulting gases were vented to a fume hood. 

The pumping capacity of the oi 1 diffusion pump was about 5 x 10- 7 torr 

when the heater was off and 1 x 10-S torr when on. Pressure variations 

we re fo llowed using an ionization vacuum gauge. 

B. Materials Used for Carbothermic Reduction 

The ra re ea rth oxides used in this study were obtained from the 

Ames Laboratory in the form of 99.999% pure powders. Graphite in the form 
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Figure 5. Materials used in carbothermic reduction of rare earth oxides. 
From left to right, pelletized reactants (C, Sn and R2o3), 
graphite resistance heater and graphite crucible with lid. 



20 

Figure 6. Calibration curve for graphite resistance furnace used in this 
study 



2 1 

Sight hole 

Trans former 

Ionization Vacuum Gouge 

Graphite Resistance Furn ace 

Oi I Diffusion 
Pump 

Catalyt ic 
Converter 

Roughing or 
Fore Pump 

Fi gure 7. A b lock diagram of the carbot hermic reduct ion system 
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of 325 mes h powder and >99% purity was obtained from the Asbury Graphite 

Company . Baker's a na l y tical grade Sn (20 and 30 mesh) 99.9% pure was 

used as so l vent. Tables 3, 4 and 5 1 i st, respect ive ly, the chemical 

impurities in the graphite, Nd 2o3 and Gd 2o3 materi als used in this study. 

Table 3. Ma ss spectrometric ana lys is of the graphite used in this study 

Impurity eleme nt Concentration ppm at. 

B <0.001 

Na <0 .002 

Al 0.018 

Si 0.094 

s 0.507 

Ca 0.063 

Ti 0.028 

v <0 . 004 

Cr <0. 004 

Mn <0.005 

Fe 0.931 

Ni <0.005 

Cu <0.005 

Zn <0.005 

Mo 0.008 

Ba <0 . 01 1 

Pb 0 . 017 
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Tab le 4. Mass spectrometric ana lysi s o f the Nd 2o
3 

used i n this study 

Impur ity e lement Concentrati on ppm at. 

B <0.01 
Na 2.27 
Mg <0.5 
Al <8.0 
Si <0. 8 
s 
Ca l. 2 
Ti <0. I 
v <0.03 
Cr <0. I 
Mn <0.0l 
Fe <I .0 
Ni <0 . 2 
Cu <0.06 
Zn <0.06 
Mo <0. 3 
Ba <0. l 

La <0.8 
Ce 0.6 
Pr <0. 2 
Sm <0. 5 
Eu <0. 2 

Gd <2.3 
Tb <4 . 3 
Dy <l. 4 
Ho <0.3 
Er <1.0 
Tm <0. 1 
Yb <0. 3 
Lu <0 . 4 
Pb <0 .3 



24 

Table 5. Ma ss s pectrometri c analy s i s of the Gd 2o3 us ed in this study 

Impurity element Concentrati on ppm a t. 

B 0.003 
Na < 1. 3 
Al <0.02 
Si <0.2 
s <0.4 
Ca 0.2 
Ti <0. 1 
v <0.01 
Cr <0 . 01 
Mn <0.03 
Fe <1. 5 
Ni <0.03 
Cu 0.2 
Zn 1. 4 
Mo <0.3 
Ba <0.04 
La <0. 1 
Ce <0. l 
Pr <0.08 
Nd <0.4 
Sm <0.4 
Eu 16.3 
Tb <0.9 
Dy <0.4 
Ho <0. 1 
Er <2.3 
Tm <0.5 
Yb <1. 0 
Lu <l .0 
Pb <0.2 
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C. Sample Preparation 

Samp les used in this study were formulated by the fol lowing methods: 

1. pelletizing rare earth oxides and carbon, 

2. pelletizing rare earth oxides, carbon and tin, and 

3. jolt packing rare earth oxides, carbon and tin. 

1. Pelletizing rare earth oxides and carbon 

The first method is the one used by Bakshani et al. for the 

carbothermic reduction of uo2 in tin solvent. (ll) Neodymium and gadolinium 

sesquioxides were mixed with carbon by hand in stoichiometric amounts 

according to the reaction 

( 15) 

The reactants were pressed into cylindrical pellets 3/811 x H", under a 

pressure of 8 x 103 ps i , and weighed about 9.5 g. The pelletized 

reactants were placed in preweighed graphite crucibles. Enough tin was 

added to completely surround and cover the pellet. Using this method it 

was found that the molar ratio of Sn to reactants should be at least 

5Sn:3C:1R2o
3 

to prevent gross carbide formation. The resulting assembly 

was charged to the graphite resistance furnace, and the pressure reduced 

to l0- 6 torr before heating to preselected temperatures and times. 

2. Pel letizing rare earth oxides, tin and carbon 

It was found that the first method did not give reproducible results, 

as far as carbide formation was concerned . The next step consisted of 

pelletizing rare earth oxides, carbon and tin in the molar ratio 

5Sn:3C:lR2o3 into pellets 3/811 x H-11
• The weighed pellets were trans-

ferred to graphite c rucibles and charged to the graphite resistance furnace, 
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-6 and the pressure reduced to 10 torr before heating to preselected 

temperatures and times. 

3. Jolt packing of rare earth oxides, tin and carbon 

The pelletizing process was found to be s low and wasteful of 

reactant s . Thus, a faster and more efficient way of samp l e fo rmulation 

was sought. The method of jolt packing was found to be faster and less 

wasteful of materials than pelletizing. Reactants were mixed in the molar 

ratios 3Sn:3C: 1R2o
3

, 5Sn:3C:lR2o
3 

and 6Sn:3C:lR2o3 . The reactants were 

transferred to preweighed graphite crucibles and jolted down with a clean 

graphite rod. The crucible with reactants were reweighed to determine 

sample mass by difference. The assembly was charged to the furnace and 

treated as before. 

D. Analysis of Samples 

1. Meta ll ography , scanning electron microscopy, microprobe analysis and 
X-ray diffraction 

Metallography was done on selected Nd-Sn and Gd-Sn alloys to determine 

the number of phases in as reduced alloys. The alloys were cut on a 

diamond tipped saw using acetone as the cutting fluid. They were ground 

on 600 frit grinding paper and mechanically polished with alumina and 

isopropanol. All samples had to be sto red under argon or vacuum to 

prevent oxidation by air. 

Scanning electron microscopy (SEM) and electron mic roprobe analysis 

were performed by Mr. Francis Laabs using an Applied Research Laboratories 

SEM equipped with a Model EMX electron microprobe. SEM microg raphs were 

obtained usin g the samp le's cur rent. X-ray images or maps were obtained 
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by scanning the sample' s s urface with the e lectron microprobe a nd feedin g 

the diffrac ted X-rays into a preamp! ifier and pulse heigh t se lector and 

onto an observing s cope. The X-rays produced spots on the sc reen of the 

observing scope; these spots were proportional to the weight fraction of 

the g iven e lement. The weight f r ac tion s and ultimate l y t he atom frac tions 

of Sn, Nd and Gd i n Nd-Sn and Gd-Sn a l loys were determined by the fol lowing 

re l ation: 

X (unknown count rate for a given e lement) = (wt. fraction) (ZAF) (16) 
Standard count rate for the same e l emen t 

where ZAF i s a factor that invo l ves the a t omic number, fluorescence and 

mass absorption. (l 4) 

A Debye-Sche re r came ra was used to obtain X- ray diffraction powder 

patterns for as-prepared samples. 

2. Chemical and gas analyses 

The rare ea rth and tin contents of a l loys used in th i s study were 

determined by gravimetric analysis and an oxidation-reduction technique, 

respectivel y . The total carbon content of a ll oys was determined by 

meas uring t he amount of co2 evo l ved f rom a burned samp le. A number of 

samp les we re analyzed fo r 0 , N and H by vacuum fusion. 

E. Separation of Nd and Gd from Sn So lvent 

1. Vacuum di s tillation 

Di s til lat ions were done by pl ac ing we i ghed samples of Nd-S n or Gd-Sn 

alloys in Ta crucibles s urrounded by a Ta s usceptor. The suscepto r was 

wrapped with g raphite insulating fe lt t o allow hi gher tempe ratures to be 

attained. The assembly was placed inside an induc tive l y heated vacuum 
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-6 furnace and the pressure reduced to JO torr. Power for heating was 

supplied by a 25 kw Pillar converter. The samples were distilled at 

temperatures ranging from 1400-1800°C from 3-4.5 hours. 

2. Chemical precipitation of tin 

Efforts to chemically precipitate tin from the Gd-Sn alloys were done 

using Ca. Weighed samples of a ll oys were placed in Ta crucibles along with 

10% excess Ca metal. The Ta crucibles were sealed under an argon atmosphere 

by arc welding. The crucibles were transferred to a Ta susceptor and 

assembly charged to the inductively heated furnace. Samples were heated 

at ~1380°c for 3 hours. The crucibles were removed from furnace after 

cooling and examined for rare earth metal, Ca and Sn contents and dis-

tributions. 
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IV. RESULTS AND DISCUSSIONS 

A. Metallography, Scanning Electron Mi croscopy, Microprobe 
Analysis and X-ray Diffraction 

Metallographic samples of Nd-Sn and Gd-Sn alloys were extremely 

difficult to prepare because of rapid oxidation in air. Nd-Sn alloys 

tended to react in air more readily than Gd-Sn al Joys. In addition, it 

was found that Nd-Sn alloys could not be stored under methanol after 

polishing because they reacted with it. The best metallographic samples 

were obtained by mechanical polishing with alumina and isopropanol and 

placing the sample immediately into jars containing arson. Figures 8 and 

9 are 500x photomicrographs of the microstructures commonly found in as-

prepared alloys. It appears that Nd-Sn alloys were two phase (Figure 8), 

i.e., the 1 ighte r matrix interdi spersed with a gray phase. The number of 

phases found in Gd-Sn alloys (Figure 9) was somewhat more ambigious than 

in the case of Nd-Sn a ll oys . However, it appears that these a lloys were 

three phase, i.e., a lighter matrix interdispersed with a sh iny metallic 

like phase and a black phase. These particular phases were not analyzed 

by the electron microprobe. 

The metallographic samp les used to obtain the photomicrographs in 

Figures 8 and 9 were repol i s hed with alumina and isopropanol and used for 

scanning electron microscopic (SEM) and microprobe analyses. Scanning 

electron micrographs of the alloys are shown in Figures JOA and llA. The 

long white particle in Figure JOA was identified as carbon using the elec-

tron microprobe. Also from Figure JOA, the areas marked a and b were 

analyzed with the electron microprobe and found to contain 50.89 a/o Sn, 

49.11 a/o Nd and 52.86 a/o Sn, 47 . 14 a/o Nd, respectively. X-ray images 
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Figure 8. A 500x photomicrograph of the microstructure of an as-prepared 
Nd- Sn a l Joy 
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Figure 9. A 500x photomicrograph of the microstructure of an as-prepared 
Gd- Sn a ll oy 



Figure 10. A SOOx SEM micrograph of the microstructure found in an 
as-prepared Nd- Sn alloy, and SOOx X-ray images fo rmed by 
the samp l e current. Areas a and b were analyzed by an 
electron microprobe 

A. SOOx SEM mic rog raph of the microstructure of a Nd-Sn 
alloy 

B. SOOx X-ray image of Sn . Li ght areas are propor tiona l 
to the we ight fract ion of Sn 
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Fi gure JO (continued) 

C. A 500x X-ray image of Nd. The light areas are pro-
portional to the weight fraction of Nd 

D. A 500x X-ray image of the carbon particle found in 
(A). Light spots inside the white particles are 
proportional to the weight fraction of C 
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of the Sn, Nd and C in the Nd-Sn al loy are shown in Figures lOB, C and 

D. The brightness in these figures are proportional to the we ight 

fraction of Sn, Nd and C. The electron microprobe was focused on 

arbitrary areas and the composition of Sn and Nd were determined by 

equation 16 (seep. 27). Using these results, Table 6 was constructed 

to show the composition of the various phases in the Nd-Sn al Joy . 

Table 6. Mi crop robe analysis of Nd-Sn and Gd-Sn alloys used for this 
study. 

Figure Area of Composition of phases 
number micrograph (a/o) 

Sn Nd Gd 

lOA a (matrix) so. 89 49. 11 
lOA b (matrix) 52.86 47 . 14 

JOB 1 i ght area 69.94 30.06 
JOB 1 i ght area 56.28 43. 72 
JOB 1 i ght area 59.26 40.74 
JOB 1 i ght area 59 . 68 40.32 

lOC 1 i ght area 54.55 45.45 
lOC light area 53.78 46.22 
lOC li ght area 53.34 46.66 
lOC light area 52.02 47 .98 

l IA a 0.67 99.33 
l lA b 66.91 33.09 
l lA c 0.85 99. 15 
l lA d 1.09 98.91 
l lA e 66 . 40 33.60 
l lA f 66.40 33.60 
l lA g 97.78 2.22 
1 lA h o. 78 99 . 22 
l lA 66.51 33.49 

11 B Ii ght area 66.54 33.46 
11 B 1 i ght area 65. 17 34.83 
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Figure ll A i s a 500x SEM micrograph of a typica l as-prepared Gd-Sn 

alloy used in thi s inves ti ga ti on . In a simi l ar manner, as i n the case of 

the Nd-Sn a ll oy , X- ray images of the Sn and Gd from a Gd- Sn alloy was 

obtained . The brightness of Fi gu res llB and Care proportional to the 

weight f rac ti on of Sn and Gd. The e lectron microprobe was focused on the 

various areas labe led i n Figure llA and the composition of Sn and Gd we re 

determined by the sample ' s count rate and equation 16 . The microprobe 

analysi s results from the Gd-Sn alloy are s ummar i zed in Tab l e 6. From 

Table 6 it can be seen that there are areas of Figure l IA that are 

extremel y ri ch in Gd , i.e., areas ma rked a, c, d and h . These areas or 

. . d . f . d d 1 . . . d b h 1 ' ( l 4) Th pits were 1 ent 1 1e as ga o 1n1um ox1 e y cat o um1nescence. e 

composition of the oxide was not determined and was thought to be due t o 

unreacted oxide . Generally, the matrix of the Gd-Sn a ll oy was fai rly 

uniform. It consi s ted roughly of ~67% a/o Sn and 33 a/o Gd. 

A Debye-Scherer camera was used to obta in X-ray powder diffraction 

patterns f or as-prepared a ll oys . It was fo und that most of the observed 

lines could be identified as 8-Sn or as NdSn
3 

(a= 4.7060 ~) in the NdSn 

alloy or as GdSn 3 (a= 4.6775 ~) in the Gd-Sn alloy. The lines belonging 

t o 8-Sn were identified by comp ut ing d-s pacings from the observed 0 's of 

Tabl es 7 and 8 and compa ring these to literatu re values of d-spacings for 

8- Sn. (l 5) Similarly , the calculated d-spacings for Ndsn
3 

( l 6 ) and GdSn
3 

(l7) 

were found to match the non- 8- Sn 1 i nes in the respective X-ray powder 

patterns. The res ults of these stud ies a re summar i zed in Tables 7 and 8 . 



Figure 11. A 500x SEM micrograph of the various phases found in a 
typical Gd-Sn alloy, and 500x X-ray image formed by the 
sample's current. Small letters a-i are areas analyzed 
by electron microprobe 

A. 500x SEM electron micrograph of the microstructure 
of a Gd-Sn al loy 

B. 500x X-ray image of Sn. The light areas are propor-
tional to the weight fraction of Sn 
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Figure ll (continued) 

C. A 500x X-ray image of Gd. The light areas are 
proportional to the weight fraction of Sn 
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Table 7. Observed X-ray data for a Nd-Sn alloy using CuK radiation. 

0 Sin20 hkl indices Phases 

15 . 348 0.070 1 200 8-Sn 

16.099 0.0770 101 8-Sn 

16.550 0.0811 111 NdSn 3 
22.009 0. 1085 200 NdSn

3 
22.535 0 . 1469 220 8-Sn 

23.537 0. 1595 211 8-Sn 

27.669 0.2156 220 NdSn
3 

32.325 0. 2707 301 8-Sn 

31 .976 0.2804 112 8-Sn 

32.402 0.2871 311 NdSn 3 
33 . 028 0.2971 321 8-Sn 

34.631 0.3229 222 NdSn
3 

36.309 0.3506 7 ? 

36 . 684 0.3569 420 8-Sn 

79.08 1 0.941 600,442 NdSn
3 
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Table 8. Observed X-ray data for a Gd-Sn alloy using CuK radiation . 

0 Sin2e hk 1 indices Phases 

15 . 450 0.0710 200 a-Sn 

16. 163 0.0775 101 a-sn 

16.763 0.0832 111 GdSn 3 
19.338 o. 1096 200 GdSn

3 
22. 100 0. 1415 220 a- sn 

22.625 0. 1480 211 a-sn 

27.825 0.2179 220 Gdsn
3 

32.375 o. 2711 112 a-sn 

32.450 0.2879 321 a-sn 

33.225 0 . 3002 311 GdSn
3 

35.000 0.3290 222 GdSn
3 

36.313 0 . 3507 420 a-Sn 

36.700 0.3572 411 6-Sn 

39.850 0.4106 7 
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B. Chemical and Gas Analyses of Nd-Sn and Gd-Sn Alloys 

The times and temperatures necessary to complete the reaction between 

C and Nd 2o
3 

or Gd 2o3 
in a molten Sn matrix were arrived at by trial and 

error. It was found that pelletizing all reactants or jolt packing 

them gave the same results as far as could be determined from 

metallographic and chemical analyses. For the most part, alloys were 

prepared by jolt packing Sn, C and R2o3, since this technique was more 

convenient. The method used by Bakshani et al . for the preparation of U 

was ruled out because of extensive carbide formation due to excessive 

tin losses. (ll) 

The preparation of Nd-Sn alloys was carried out under a vacuum of 

10-S torr and reaction times of 6 and 17 hours and from 1600 to 1700°C, 

respectively . The reaction time and Sn concentration were held constant 

for seve ral Nd- Sn samp les as the reaction temperature was raised to 

1700°c. The purpose of these experiments was to determine the best 

possible reaction time, temperature and their effects on the amount of 

retained carbon and oxygen. From Table 9, series A runs, it can be seen 

that the lowest concentration of retained carbon in Md-Sn al loys occurred 

in samp les that contained Sn in the mo lar ratios of 5 and 6 relative to 

3C:1Nd2o3. This result was expected since the solubility of C in Sn was 

almost nil at 1700°C and the amount of Sn was sufficient to tie up the 

Nd as NdSn
3

. 
0 Gas analysis of Nd- Sn a lloys prepared at 1700 C and a Sn molar ratio 

of 5 relative to 3C:1Nd2o3 showed about 0.2% C was retained after 

reaction for 6 hours. This was an indication that the 6 hours reaction 

time was insufficient. The reaction time was increased to 17 hours and 



Table 9. The effects of varying the reaction temperature, the reaction 
time and tin concentration on the amount of retained carbon 
and oxygen in Nd-Sn and Gd-Sn alloys. 

Sample Retained elements Rare earth content 
number {%) {%) 

H c N 0 Nd Gd 

Series A 

LL-1-26 0.264 44.90 

LL-1-62 o. 18 26.97 

LL-1-65 0.22 30.80 

LL-J-68 0 . 021 0.011 0.22 37.21 

LL-1 - 103 0.056 1. 18 0.01 0.018 43. 70 

LL-1-107 0.005 0.69 0.066 37.80 

Series B 

LL-1-76 0.021 0.56 0.004 0.260 36.99 

LL-1-80 0.001 0.67 0.005 0.073 35.94 

LL-1-92 0. 11 3. 14 0.053 4. 30 41. 82 

LL-1-94 0.077 2.44 1. 70 2 . l~O 40.61 

LL-1-96 2. 13 39.09 

LL-1-99 0. 081 2.23 2. 10 2.20 45.89 

LL-1-101 0.016 1. 82 0 . 005 o. 190 50 .47 

LL-1-109 0.019 1. 78 0.0006 0.34 42.67 



Reaction temperature 
(OC) 

1620 

1960 

1704 

1660 

1700 

1700 

1740 

1760 

1585 

1640 

1680 

1720 

1720 

1760 
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React ion t i me 
(hrs) 

6 

6 

6 

6 

17 

17 

7 

7 

17 

17 

17 

17 

17 

17 

Molar ratio of 
tin to 3C:JR2o

3 

5 

5 

5 

5 

3 

6 

5 

5 

3 

3 

4 

4 

3 

6 
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0 the reaction temperature held constant at 1700 C. Since it was determined 

from previous experiments that if the reaction time was increased past 7 

hours, a sufficient amo unt of Sn was lost by evaporation and would lead 

to h i gh carbon contents . Thus, the molar Sn ratio was increased to 6 

whenever reactions were run at pro longed times (> 10 hours) and temperatures 

in excess of 1700°c. The series A results (Table 9) show the effect of 

increasing the reaction time to 17 hours on the amount of retained oxygen . 

The oxygen content dropped by an order of magnitude from 0.22% after 6 

hours, to 0 . 06% after 17 hours. However, the carbon content increased 

from 0.2% to 0.7%. This result was anticipated, since a longer time at 

the reaction temperature allowed more diffusion of carbon from the 

graphite crucible to the sample. In addition, it was found that if the 

mola r ratio of Sn was less than 4, the Nd-Sn alloys obta ined at 1700°c 

contained ~ l.2% retained carbon. 

In a similar manner, the best possible reducti on conditions for Gd 2o3 
by C were arrived at by trial and error. It was found that the reduction 

conditions for Gd 2o3 
were more severe than for Nd 2o

3
. For example, the 

series B results in Table 9 show that ~.7% C is retained in samples 
0 reacted for 7 hours at 1760 C and a mo lar rat io of 5 Sn to 3C:1Gd2o

3
. 

This was rough l y 3 times the amo unt of carbon retained by Nd-Sn al Joys 

under similar conditions . Generally, it was found that the 0 content was 

>0 . 2% and the C content >~1 % for GdSn alloys prepared at temperatures 

below 1760°C . Figures 12 and 13 show the residual C and 0, respectively 

as a function of reaction temperature. The high C and 0 contents suggest 

that the reduction of the Gd 2o3 is not comp leted at temperatures below 

1760°C . GdSn al Joys hav ing the lowest C and 0 contents were prepared 



3.20 

3.0 0 
RESIDUAL 
CARBON 
(%) 2.80 

2.60 

2.40 

2 . 20 

2.00 

46 

1600 1620 1640 1660 1680 1700 1720 

REACTION TEMPERATURE (CC) 

Figure 12. The residual carbon content of Gd-Sn alloys as a function of 
the reaction temperature. The reactants were in the ratio 
3C:3Sn:1Gd O . Reaction time was 17 hours 
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using a Sn molar ratio of 5 and 7 hours react ion time at 1760°c. The low 

carbon content was believed to be due to the lack of time for extensive 

diffusion of carbon from the graphite crucible. The above explanation 

seemed to be supported by the fact that Gd-Sn alloy s as well as Nd-Sn al Joys 
0 prepared at temperatures in excess of 1720 and 1700 C, respectively, and 

17 hours were increasingly contaminated with more than 1 .5% carbon. 

C. Volatilization of Sn from Nd-Sn and Gd-Sn Alloys 

The separat ion of Sn from Nd and Gd was not accomplished by vacuum 

distillation over the temperature range 1420-1800°C and a pressure of 
-4 10 torr. Chemical analysis of the distillate from one NdSn alloy 

showed that 0.2% Nd cod isti lled with the Sn. The distillant analyzed as 

59.9% Sn and 40. 1% Nd. Other Nd- Sn a ll oys showed s imil ar results after 

vacuum distillation, see Table 10. 

Table 10. Chemical analys i s of the di s tillation from Nd-Sn and Gd-Sn al Joy. 

Samp le Chemical compos iti on (a/o) Di st i l l at ion conditions 
number 

Sn Nd Gd Time Temperature 
(hrs) (oC) 

LL-1-29 59,9 40. 1 l fo I l owed by 1420 
3 1620 

LL-l-63 54.4 45.6 3 1760 

LL-1-66 51. 9 48. 1 3 1760 

LL-l-26 40.9 59. 1 1 fol lowed by 1420 
3 1620 

LL-l-32 42.3 57.7 4.5 1760-1800 
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A phase diagram for the Nd-Sn sys t em wi thi n a range of 0-50 a/o Sn has 

been determined by Eremenka e t al., (l 8) see Fi gure 14 . From Table 10 it 

can be seen that compos ition of the Nd Sn al l oys used in thi s s tudy con -

tai ned s li ghtl y more than 50 a/o Sn. Thus, the equilibrium diagram could 

no t be applied directly to these a ll oys. However, it stood to reason 

that as more Sn was vola tili zed the cong ruent melt ing phase, Nd5sn 3 wou l d 

result. A compa ri son of the vapor pressure of pure Sn and Nd at the 

distil lat ion t empe r a tures (l760°C) s howed t hat it was not li ke l y that 

Sn could be removed from Nd by vaporizat ion. The vapor pressure of pure 

Sn at 1760°C was fo und t o be ~5 .7 torr. ( l 3) That of pure Nd at the same 

tempera ture was found to be ~ 1.7 torr. However, the vapo r pressure of 

the meta l s wi ll vary ac ross the NdSn sys tem as the activities of the two 

components vary. But, it should not res ult in any l arge re la t ive change 

in the ir respective vapo r pressures, certa i n ly not enough to a ll ow the 

Nd and Sn to be sepa rated . 

The ease of sepa ra ti on of two component s by d ist illati on is measured 

by the re l ative vola tility, Cl : 
( 19) 

whe re Ysn a nd YNd are 
I) 

Sn and p 
0 the p 

Nd are 

diffus ion, Pehlke ha s 

a = 
Po 

Ys n Sn 
0 

YNl Nd 

the activ ity coefficients 

vapor pressu res of pure Sn 

rewr i tten this equat ion i n 

Cl = 

( 17) 

of Sn and Nd in soluti on . 

and Nd. For molecu lar 

a more usefu 1 form : 

( 18) 

where MSn and MN d are the mola r masses of Sn and Nd , respective l y . Thus, 
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i f a i s unity or c lose to unity it i s no t possib l e to sepa rate Sn and Nd 

by distil l at ion . And if a i s e ithe r > 103 or <10- 3 it shou ld be pos s ible 

to separate Sn and Nd by di s tillati on. 
0 Even though al 1 of the variables in ( 18) were not known, name ly Y Sn 

in Nd , an ideal a was ca l culated. 0 Although it was realized that y for 

Sn must be less tha n unity, since Nd has a high affinity for Sn. An a 

of 1.75 at 1760°C was calculated for the Nd-Sn sys t em. Thus, i t s hou l d no t 

be possible to separate Sn from Nd by dist il lat ion as was observed 

experimenta lly, see Tab l e 10 . 

Somewhat better results were obta i ned when Gd-Sn a lloys we re vacuum 

di st i lied 1760-l80o0 c for 4.5 hours . As can be seen f rom Table 10, the 

Sn con t ent was reduced to 40 .9%. But these result s we re ant i cipated s ince 

the vapor p ress ures of Sn and Gd differ by an o rder of magnitude at 1800°C 

(5.66 t o rr vs 0 . 115 t o rr) . ( l 3) Using the approach of Pehlke as before, 

an a of equa l to 87. 6 was calculated for the Gd-Sn s ystem at 1800°c. Aga in , 

it was realized that y of Sn in Gd differed from unity because Gd has a 

high affinity fo r Sn. Therefore , theoret i ca ll y it shou ld be possib l e to 

remove more Sn from Gd by di s tillati on under t he assumpt ion s made, cer-

tainly eas i e r than fo r Nd-Sn al loys. Resu lt s from Table 10 gene rall y tend 

to support these assump tion s , where it can be seen that more Sn was 

vo lati I ized from Gd than from Nd under the same experi mental conditions . 

D. Chem i ca l Precipitati on of Sn from a Gd-Sn All oy 

A portion of the fo urth a lloy (LL-1-32) in Tab l e JO was reacted with 

Ca to see i f it wa s possible to chemically precipitate Sn as Ca 2Sn. The 

Ca 2Sn i s the most thermodynam ically s table of the Ca-Sn compounds. (20) 
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From Tabl e 10 it was es timated that the fourth Gd-Sn al Joy had a composi -

t ion of Gd5sn3. Enough Ca was added so as t o have a 10% excess. The 

samp le was sea l ed in a Ta crucible under an a rgon atmosphere by a rc 

welding. The cruci bl e containing the sample was heated inductively for 

0 three hours at 1380 C. After reaction, a charred mas s was obtai ned that 

gave no indication of metalli c Gd, as indicated by the a bsence of magnetic 

charac ter . The mate r ial also con tained l a rge flakes o f Ta crucible 

ma terial. No further efforts were made to precipitate Sn chemically with 

Ca . Howeve r, it i s felt tha t a bette r choice of c ruc ible ma t e rial s uch 

as tungsten, may faci lita t e the remova l of Sn by precip itation with Ca. 

In addition, it is fe l t tha t c lose r control over the amounts of Ca and 

st ri cte r temperature regul at ion may res ult in the separation of Gd from 

Sn by preci pi tati on. 
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V. CONCLUSIONS 

The reduction of Nd2o
3 

with carbon in the presence of a Sn solvent 

was accomplished at 1700°C and a vacuum of 10-4-10-5 torr. A reaction 

time of 17 hours was sufficient to complete the reduction of Nd 2o3 by C. 

The mo lar ratio of Sn to Nd 2o
3 

and C was varied from 3 to 6. It was 

found that a Sn molar ratio of 3 gave the lowest amount of retained 0 

(0.018%) in the final product. However, the retained C content was >1%. 

Increasing the Sn concentration to 6Sn:3C:1Nd 2o3 under the same conditions 

lowered the retained C content, but increased the 0 content to 0.06%. 

X-ray diffraction powder patterns of Nd-Sn all oys s howed NdSn3 o f the 

Aucu
3 

type structure and excess Sn. Microprobe analysis and SEM of samples 

showed a Nd-Sn matrix that was approximately 48% Sn and 52% tld. In 

addition, there were inclusions in the Nd- Sn ma tri x that contained ca rbon. 

The form of the carbon was not determined. 

The separation of Sn from Nd-Sn alloy s by vacuum distil Jation at 

1760°c was not accomplished. The removal of Sn from Nd-Sn al lays was no t 

accomp li shed because the relative volat i lity, a , was thought to be close 

to unity. A calculation assuming ideal thermodynamic behavior showed a 

was 1.75. Thus , it was concluded that the separation of Sn from Nd-Sn 

alloys could not be done by vacuum distillation. 

Reduction of Gd2o3 by C i n the presence of Sn was found to proceed 

at 1760°C and a vacuum of 10-4-10- 5 torr. A reaction time of 17-18 hours 

under these conditions was necessary to complete the reduction. At 

temperatures >1760°C the evaporation of Sn was so great that carbide 

formation could not be prevented. Increasing the molar ratio of Sn to 
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reactants resulted in mo re retained 0 at a given temperature. For 

examp l e , at a constant react ion tempera ture o f 1720° C and 17 hours 

react ion time, the reta ined 0 contents we re O. 19% a nd 2.20 % fo r Sn mo lar 

ratios of 3 and 4, respectively. No corre lation was obtained between 

the retained C constant and mo l a r Sn rat io. Thi s was thought to be due 

to the fact that samp les were prepared in graphite crucibles . However, 

the ca r bon content d id in crease wi t h inc reas i ng temperature due to the 

loss of Sn by evapo ration. 

X- ray d iffract ion powder patterns of Gd-Sn alloys s howed GdSn 3 of the 

Aucu
3 

t ype s tructure and excess Sn . The Gd-Sn matrix was analyzed by an 

e lec t ron microprobe . The matrix cons isted essent i al Jy of 60 a/o Sn and 

40 a/o Gd. Vacuum distil l a t ion of these al Joys enriched the Gd content to 

~56 a/o . On furt her dist i I l a t ion at ~ 1 soo0c, a black magnetic and non-

metal I i c powde r of the composition 42.3 a/o Sn and 57.7 a/o Gd remained. 

Thus, the separat ion of Sn f rom Gd-Sn a ll oys was not accomp li s hed by 

vacuum di s tillati on . It was t hough t that the re lative volatility, a, of 

Sn in Gd was c l ose to un ity . An i deal t hermodynam i ca l ca lculat ion at 

1800°C for t hi s system gave an a of 87. However, it must be remembered 

that the act i v ity of Sn i n Gd was Jess than one, since Gd has a high 

a f f inity for t in , wh i ch wou l d make a <87 . 

Chemica l precipitat ion of Sn from Gd- Sn al Joys with Ca metal was not 

successfu l . The p roduct was a s intered mass of reactants and Ta crucible 

materia l. However, i t was felt that this method deserves fu r ther study 

with a better sel ect ion of cruc ibl e mater ial, such as W. In addition, 

it was thought that closer cont ro l of rea ct ion temperature and time and 
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the proper concentration of Ca might lead to the precipitation of Sn 

from Gd-Sn a lloy s with Ca metal. 



56 

V. REFERENCES 

1. Downing, J. H.; Gorski, H. D.; Koerner, E. L., Jr. U.S. 
Patent 3 104 970, 1963. 

2. Beaudry, B. J.; Gschneidner, K. A., Jr. in "Handbook on the Physics 
and Chemistry of Rare Earths"; Gschneidner, K. A., Jr., Eyring, L., 
Eds.; North-Holland Publishing Co.: Amsterdam , 1979; Vol. 1, 
Chapter 2. 

3. Brat land, D.; Gschneidner, K. A., Jr. Electrochimica Acta 1980, 25 
145 . 

4. Zwi 11 ing, G.; Gschneidner, K. A., Jr. J. Less-Common Metals 1979, 
66, 227 . 

5. Brat land, D.; Gschneidner, K. A., Jr. Acta Chem. Scand.; in press. 

6. bli 11 ing, G.; Gschneidner, K. A., Jr. Z. Metal lk.; in press. 

7. Wi !helm, H. A.; McCluskey, J. K. J. Metals 1969, 21, 51. 

8. Achard, J. C. Rev. Hautes Temper. et Refract. 1966, 3, 281. 

9. Kyshtobaeva, G. M. ; Smagina, E. I.; Kutsev, V. A. Zhur. Fi z. Khim. 
1969, 43, 2400. 

10. Anderson, N.; Parlee, N. A. D. J. Vac. Sci. Technical 1976, 13, 527. 

11 . Bakshani, N.; Par less, N. A. D.; Anderson, R. N. Industrial Research 
and Devel opmen t 1979, 21, 121. 

12. Kulagina, N. G.; Bayonov, A. P. Zhur. Fiz . Khim. 1974, 48, 466. 

13. Hultgren, R.; Desai, P. D.; Hawkins, D. J.; Gleiser, M.; 
Kelley, K. K.; Wayman, D. D. Selected Values of the Thermodynamic 
Properties of the Elements, 8th ed.; American Society of Metals: 
Metals Park, 1978; pp. 201, 344, 482. 

14. Laabs, Francis: private c ummunication, Ames Laboratory, 
Iowa State Univers ity, Ames, Iowa, July, 1980. 

15. Swanson, H. E.; Tatge, E. Journal of Research of National Bureau 
of Standards 1951, 46, 318. 

16. landel l i, A.; Palezona, A. Atti Accad. Nazl. Lincei Rend. 1960, 40, 
623. 



57 

17. Harri s , I . R.; Rayner, G. V. J. Less-Common Metal s 1965, 9, 7-19. 

18. Eremenko, V. N.; Khar'Koba, A. M.; Obus henko , I . M. Dopovidi Akad. 
Nauk Ukr. SSR 1978, 1132 . 

19. Pehlke, R. D. Unit Processes of Extractive Metallurgy, 3rd ed.; 
Elsevier North-Ho! land Publishing Company: New York, 1977; 
Chapter 5. 

20. Kubascheniski, 0.; Al cock, C. B. "Metallurgical Thermochemistry" ; 
Pergamon Press : New York, 1979; Vol. XXIV, p. 372. 



58 

VI. ACKNOWLEDGEMENTS 

I would I ike to thank Dr. Karl A. Gschneidner, Jr., my major 

professor, for introducing me to the topic of this thesis, and for 

his direction and clarification in the interpretation of the 

information obtained; and to Mr. B. J. Beaudry for his suggestions 

of experimental methods and construction of the apparatus. I would also 

like to thank Mr. Harlan Baker for the metallography of the samples, 

and Mr. Francis Laabs for SEM and microprobe analysis of samples. In 

addition, I would like to thank Mr. Bernie Evans for the pertinent 

I iterature references , and Mr. 0. D. McMasters and R. J. Stierman for 

their help in X-ray di f fraction studies. This work was supported by 

the U.S. Department of Energy, Office of Basic Energy Science, Divi sion 

of Materials Science. 


