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REFINING AND PURIFICATION OF ilARE-EXRTH MFTALS 

ZI .n 
The r a r e  ea r th  metals current ly  avai lable ,  whether produced metallothermi- 

v 

c a l l y  o r  by e l e c t r o l y t i c  means, may generally be characterized a s  being of 

I no b e t t e r  than "commercial" pur i ty ,  Most have been prepared with 1% t o  2% 

I t o t a l  impurit ies,  and a number of producers w i l l  guarantee t h i  s l e v e l  (11, 
. . 

By scfglpulous control  o f '  processing var iables  and raw mater ia l  pur i ty ,  

pa r t i cu l a r l y  i n  the metallothermic reduction process, most of the  metals 

can be prepared with 005% or  l e s s  t o t a l  impurit ies,  Such processing care  

I grea t ly  increases the  cost  of an already expensive product, however, and thus 

f a r  few of the metals have had su f f i c i en t  pu r i t y  requirements t o  j u s t i f y  the  

added cos t ,  
i 

In the  case of yttrium, r e l a t i v e l y  high pu r i t y  was found t o  be a requirement 
I 

. f o r  workability, and it may be presumed tha t  t h i s  wifb a l s o  be the  case with 

other members'of the group as uses develop which requ i re ,meta l  f ab r i cab f l i t y ,  

O f  more immediate importance, however, is  the  f u l l  character izat ion of the  

metals through accurate determination of t h e i r  proper t ies ,  The need f o r  

high pu r i t y  is. paramount here, but re la t , ively  small quan t i t i e s  of metal a r e  

required, and a s  a consequence, i t  may be more f ea s ib l e  t o  consider means of 
I 1 . . 

b e n e f i c i a t h g  a r e l a t i v e l y  impure metal than t o  attempt u l t r a  refinement of 

t he  reduction technique, 
. . 

Advances i n  the  f i e l d  of "reactiveu metals and semic6hduotors, &ere r i g i d  
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cont ro l  of impurit ies i s  v i t a l ,  have prompted the development ' recent  

years  of a number of techniques of metal pur i f i ca t ion ,  a l l  of which employ 

an iqkre metal r a t h e r  than 2 compound as the- s t a r t i n g  material .  Among these 

a r e  zone ref ining,  vacuum processing, deposit ion by the van Arkel - de Boer 

process, and so l id  s t a t e  e lec t ro lys i s .  I n  general,  pur i f i ca t ion  of only a 

few of the  r a r e  ea r th  metals has been attempted by any one of these tech- 

niques, bu t  these trials give a t  l e a s t  some indicat ion of what may be ex- 

pected with other members of t he  group. 
/ 

Nature of h u r i t i e s  

Before discussion of the  pu r i f i c a t i on  processes themselves, it is advisable 

t o  d i scuss  b r i e f l y  the  nature of the  impurit ies which a r e  found in the r a r e  

ea r th  metals. These, of course, a r e  dependent on the source .and pur i ty  of 

the  raw mater ia ls  used in the reduction, and the nature of the  reduction i t s e l f .  

In general ,  present-dai separation techniques make f ea s ib l e  the  i so l a t i on  of 

a s ing le  member of the  r a r e  ea r th  g r ~ u p ~ f r o m  i ts  neighbors t o  any desired 

degree, Thus the remaining r a r e  ea r th  impuri t ies  i n  a "comercia l t t  metal of 

the  group would not normally exceed 0.1%. None of the  pur i f i ca t ion  techniques 

t o  be described i s  pa r t i cu l a r l y  e f fec t ive  i n  removing these impurit ies,  and 

they w i l l ,  therefore,  remain e s sen t i a l l y  unchanged in the  pur i f ied metal, 

Of much grea te r  importance a r e  the other meta l l i c  impurit ies which may be 

f omd i n  t he  metals as i n i t i a l l y  produced, Pr inc ipa l  offenders in' metallo- 

thermic reduction products w i l l  be the reduotant and any metal added t o  the  

charge f o r  producing a low melting a l loy.  In the .usua1 case these  w i l l  be 



I 

calcium and magnesium respect ively ,  though lithium' and z inc  . b v e  been used, 

Despite t h e  subsequent vacuum treatment f o r  removal of the  a l l o y  const i tuent ,  

as much a s  1% of these  metals  may remain i n  t h e  sponge, Consequently, the  pro- 
i, 

cessing of the  commerical metals  is almost always completed by melting and 

i cas t ing  under t h e  highest  poss ib le  vacuum, By t h i s  means, the  Ca and Mg con- 

t e n t  can be lowered t o  a maxfmum of 150 ppm each (21, and may be f u r t h e r  re-  

duced t o  a considerable extent  if  mul t ip le 'mel t ing  is  employed, 

Other m e t a l l i c  impur i t ies  r e s u l t  from a t t a c k  on conta iners  i n  var ious  s t ages  
.. . 

of prepayation of the  raw mater ia ls ,  o r  in t h e  reduction i tself ,  These include 

i ron,  tantalum, t i tanium and zirconium, though a l l  ,me not  genera l ly  associated 

a s  major impur i t ies  with one process or  pr6duct,  

When the reduction i s  ca r r i ed  out  i n  tantai im, the  l e v e l  of t h i s  contaminant 

averages 0,05$ in the  r e s u l t i n g  metal, but.may be much higher if long times 

8 .  o r  high temperatures a r e  employed, When an a l loying element i s  added t o  

lower t h e  melting point ,  a s  i n  the  case~of,magnesium i n  t h e  y t t r ium reduction, 

tftanLum and zirconium may be used as reac t ion  vessels ,  In  comparable re-  

ductions of yt tr ium, t i tanium pickup averaged 0,15% while t h a t  of zirconium 

I ;: averaged 0,58%6 

. . I 

In  the e l e c t r o l y t i c  reduction,  extensive corrosion of the' c e l l  may occur and . 
I .  

products of t h i s  process may be very highly contaminated with i ron,  carbon, 

s i l i c o n ,  and other  m e t a l l i c  impur i t ies ,  

C Probably of g r e a t e r  s igni f icance  i n  t h e i r  e f f e c t s  on p roper t i e s  of the metals 

a r e  t h e  nonmetallic and i n t e r s t i t i a l  impuri ties, owgan, ni trogen,  carbon, 
.i 



hydrogen, and th$ halogens, Though l i t t l e  s tudy of the  systems of these 
0 '  

elements with the .meta ls  . . has been made, i t  i s  belfved t h a t  they genera l ly  

exh ib i t '  low s o l u b i l i t i e s  ( a t  l e a s t  a t  t h e  lower,  temperatures),  and consequently 

a r e  p resen t  i n  t h e  metals  pr imar i ly  a s  cornpourid incl-usions, e,g, oxides, ni- 

t r i d e s ,  ha l ides ,  oxyhalides, e t c ,  Their  presence results from contact  of the  

r e a c t a n t s  o r  the  products with impwe atmosphere's o r  from incomplete reac t ions  

o r  separa t ions  i n  i n i t i a l  preparat ion s t eps ,  Since they genera l ly  appear a s  

compounds, t h e i r  volume concentration i n  t h e  metal is  g r e a t  and t h e i r  e f f e c t  

can metal p roper t i e s  extensive,  In yt tr ium, f o r  example, oxygen eonten% of about 

0,3% and f l u o r i n e  content of 0.08% r e s u l t  i n  approximately 5 volume per  cent  of 

5 n c l u s i  ons a s  estimated from metallographi c e x a ~ n a t f o n ,  

In  Table I i s  shown a f a i r l y  complete and t y p i c a l  ana lys i s  of r o u t i n e l y  pro- 

duced y t t r ium metal as. prepared by the  Ames process of  f l u o r i d e  reduction with 

calcium and magnesium i n  a zirconium reac t ion  vesse l  followed by vacuum ndemag- 

g h g "  and double a r c  melting by t h e  consumable e lec t rode process,  While the  

yttrium reauct ion f s more d i f f  i c d t  than some o the rs  and p u r i t y  may therefore  

be somewhat lower than t h e  average, t h i s  ma te r i a l  is  probably not  too dis-  

similar h.~ ana lys i s  from o ther  metal lothermicallg reduced r a r e  e a r t h  metals ,  

F igure  1 shows the  microstructure of t h i s  ma te r i a l ,  The many inc lus ions  are 

evident ,  and t h e  s t r u c t u r e  can only be described a s  p 1 d i r t y ~ 8 0  

Determination of P u r i t y  

The a n a l y s i s  of impur i t i e s  i n  the  r a r e  e a r t h  metals  has been the  subject  of 

some s tudy (3, A ) ,  There are no clear-cut and undisputed t e c h n i q u ~ s ,  however, 

and t h i s  i s  p a r t i c u l a r l y  true f o r  low impurity l e v e l s ;  F o r . d i r e c t  chemical 



the  most widely used techniques a r e  spectrographic determination - . 

of the meta l l i c  elements, vacuum fusion fo r  0, N, and H, combustion in 

oxygen for.carbon,  and pyro-hydrolysis f o r  the  halogens, An assay f o r  t o t a l  

ra re ,  e a r t h  content i s  usual ly  performed by oxala te  p rec ip i ta t ion ,  

In each case, there  a r e  exfs tgnt  but ill defined lower l i m i t s  of sens i t i -  

v i t y ,  and several  of the  impurit ies f a l l  below these l i m i t s ,  even i n  the  

~commercialw metals, When pu r i t y  is  increased t o  the 99,9$ l e v e l  and higher, 

it  i s  evident t h a t  only the  most abundant impuri t ies  w i l l  be detectable ,  and 

these with questionable quan t i t a t ive  accuracy, 

Alternate ana ly t i c a l  techniques have been developed f o r  some impurity ele- 

ments, a s  f o r  example, the spectroscopic technique of Fassel  and coworkers 

(5) f o r  oxygen, but these do not i n  general extend the  s e n s i t i v i t y  limits 

t o  any s ign i f i c an t  degree,@ possibly g rea te r  value is  the technique of radio- 

ac t iva t ion  analysis  (6,7), which, though complex and expensive, o f f e r s  the  

p o s s i b i l i t y  of detection of exceedingly small amounts of impurit ies,  This 

technique has thus f a r  only been employed f o r  detefmination of spec i f i c  r a r e  . , 

ear ths  a s  impurit ies in a s ing le  member of t he  group, however, 

Consequently, a s  pu r i t y  is  increased, i t s  measurement becomes l e s s  quanti- 

t a t i v e  and more a matter of i nd i r ec t  surmise from observed proper t ies ,  One 

very important a rea  is  metallographie examination, Since, a s  noted e . a ~ l i e r ,  

many non-metallfc h p u r f t i e s  occur a s  compound inc1usiona;a f a i r  idea of 

pur i t y  may be obtained from the  c leanl iness  of t he  microst ructwe,  The'tech- 

niquesfor metalbographic specimen preparation have been described f o r  the  

r a r e  e a r t h  metals (83, 



Other p roper t i es  commonly used f o r  estimation of pu r i t y  a r e  hardness, work- 

a b i l i t y ,  and e l e c t r i c a l  conductivity, These a r e  of comparative value only, 

however, and i n  some cases a r e  qu i t e  sens i t ive  t o  s t ruc ture  and thermal 

history.  

The technique of zone r e f i n ing  i s  of very recent  or igin ,  and has been the  

key t o  successful production of ultra-pure metals f o r  semieonductor use, The 

technique has been comprehensively described by Pfann, i t s  discoverer (9). 

The p r inc ip l e  i s  simply t h a t  most impurit ies have a d i f f e r en t  equilibrium 

s o l u b i l i t y  i n  the so l id  and l i qu id  phases of a freezing system, and t h a t  a 

t r ans f e r  of the  impurity can consequently be obtained by passage of a shor t  

molten zone through a r e l a t i v e l y  long so l id  section.  Obviously the determi- 

nation of the  ult imate pur i f i ca t ion  obtainable in t h i s  way requires  knowledge 

of t he  phase diagram f o r  the  impurity - metal system, pa r t i cu l a r l y  i n  the  low 

impurfty concentration range. Such data  a r e  r a r e l y  avai lable ,  and t h i s  is  

p a r t i c u l a r l y  t rue  in the  case of the  r a r e  ea r ths ,  Thus, t he  determination 

of f e a s i b i l i t y  of zone r e f i n ing  fo r  a pa r t i cu l a r  metal is  usual ly  approached 

experimentally, 

Two bas ic  techniques a r e  employed f o r  the passage of molten zones, In the  s h  

p l e r  case, the  metal i s  contained i n  a long trough or  crucible  and the zone 

is  passed i n  a horizontal  d i rect ion.  Many metals, and many of khe pare ea r th  

metals i n . p a r t i c u l a r ,  a r e  so reac t ive  t h a t  they reduce ceramik container ma- 

t e r i a l s  and in te rd i f fuse  with metal l ic  containers a t  t h e i r  melting po in t s  with ' 

subsequent contamination. Some attempts have been made t o  wercome t h i s  



problem by use of a water cooled container i n  which an m o l t e n  skin  of t h e  

metal  being pur i f i ed  i s  maintained and a c t s  a s  the  t r u e  container of t h e  

molten metal,  O f  g rea te r  importance, however, has been the  development of 

the  v e r t i c a l  " f loa t ing  zonen technique i n  which t h e  metal i s  supported ver- . , 

t i c a l l y  from the  'ends without contact  with a container,  the  narrow molten 

zone being maintained by v k t u e  of the  surface  tension of the  metal. 

Heating i n  e i t h e r  case is  usual ly  done by induction and the  r e f i n i n g  i s  com- 

monly performed i n  an i n e r t  atmosphere, Be t t e r  con t ro l  and narrower zones 

a r e  claimed f o r  e lec t ron  beam heating,  however, and t h i s  technique, which 

requ i res  very high vacuum, g ives  the  added advantage of p u r i f i c a t i o n  through 

decomposition and vaporizat ion of some impur i t ies .  

Zone r e f i n i n g  has been repor ted  on only two metals  of the  r a r e  e a r t h  group. 

Gadolinium was p u r i f i e d  by Kendall (10) using the  conventional hor izonta l  in- 

duction heat ing technique wi th  a tantalum c ruc ib le  in a pur i f i ed  argon akrnos- 
I 

phere. Ten passes  of a 1 3/4" wide zone a t  a  ate of 1 ,5  inches per hour were 

employed. Evaluation of the  product was s o l e l y  by metallographic examination, 

This showed s u b s t a n t i a l  concentrat ion of impur i t ies  a t  the ingot  ends with @or- 

responding p u r i f i c a t i o n  of the  center  of the  ingot ,  Indicat ions  were t h a t  

f u r t h e r  r e f i n i n g  by t h e  technique would provide a pyre metal, a t  l e a s t  from 

the  standpoint  of microstructure.  

Extensive e f f o r t  has been expended by General E l e c t r i c u s  A i r c r a f t  Nuclear 

Propulsion Department and General Engineering Laboratory, B a t t e l l e  Memorial 

I n s t i t u t e ,  and Union Carbidess Oak Ridge National Laboratory on the  zone 



re f in ing  of yttrium. This work has only recen t ly  been declass i f ied,  and no 

references  a r e  a s - y e t  available.  The r e s u l t s  i n  a n  cases, however, were 

%r~ good agreement and may generally be represented by the  experiments made 

a t  GE-ANPD. The " f loa t ing  zonen technique w a s  employed with induction heating, 

and a 3 / 8 ~  diameter rod was processed i n  a continuously pumped vacuum, It 

was necessary t o  make three  heating passes below the  melting point  in order 

t o  remove suf f ic ien t  v o l a t i l e  impurit ies t o  prevent arcing t o  t he  heating coi%, 
: .  
. . ? .  . 

The deposi t  on t he  c o i l  a f t e r  t h i s  treatment was pyrophoric and was found t o  

be m a h l y  magnesium, That on the walls  of t he  vessel  was iden t i f i ed  a s  yt- 

trium oxyfluoride. S ix  zone passes were made a t  a r a t e  of 2gaf per  hour, 

Table I1 gives  the  r e s u l t s  of analysis  of the  zone ref ined and o r ig ina l  mite- 

rial.  It i s  evident t ha t  no s ign i f ican t  change i n  oxygen and nitrogen con- 

t e n t  was effected. . There i s  some evidence of movement of a few of the  meta l l i c  

impurit ies,  but t h i s , i s  not s t r i k ing  and may.be questioned on the  ba s i s  of 

r e l i a b i l i t y  of the  ana ly t i c a l  techniques. Figufe I1 sholds the  m i c r o s t r u c t ~ e  

of the  metal a t  three loca t ions  a f t e r  the treatment. While s t r u c t u r a l  changes 

a r e  evident, none of the  mater ia l  can be classed a s  flcleantt,  Hardness of the  

metal was measured a t  these same locat ions  but  showed no s ign i f i c an t  var ia t ion,  

The general  conclusion from these data  and the similar r e s u l t s  of other lab- 

o r a to r i e s  is  t ha t  zone re f in ing  is  not a p r a c t i c a l  pur i f i ca t ion  process f o r  

y=t,trium, The indicated movement of meta l l i c  impurities, if r e a l ,  is  vesy 

s l i g h t ,  and excessive processing would be required f o r  s i gn i f i c an t  overa l l  

improvement. 

Vacuum Processine: f o r  Refinement 

The r e f i n ing  of metals by melting or  vaporizing i n  vacuum is one of the o ldes t  



processes and has been the  subject  of much study (11, 12).  The techniques 

employed range from simple melting i n  a crucible  under vacuum t o  the more 

sophis t ica ted methods of melting bjT elect ron bombardment and f r ac t i ona l  dis-  

t i l l a t i o n ,  The pur i f i ca t ion  which r e s u l t s  i n  any pkocess i s  a function of 

t he  t o t a l  pressure maintained and of the thermodynamic proper t i es  of t he  
8 

metal and the  impurit ies themselves. Metall ic impurit ies may, i n  theory, 

be separated by f r ac t i ona l  d i s t i l l a t i o n  so long as t h e i r  vo l a tS . i t f e s  a r e  dif-  

f e r e n t  from t h a t . o f  the  base metal, Non-metallic h p u r i t i e s ,  a s  noted earbier ,  

a r e  found i n  solut ion o r  more cominonly a s  compounds, The former may be re- 

moved through vo l a t i l i z a t i on ,  of ten a t  temperatures below the  melting point ,  

The l a t t e r  may be "removed by d i r e c t  vo l a t i l i z a t i on ,  by d i  ssocf a.tion ( e i  the r  

. . 
I. ,-. . __. t o  an element which vaporizes or  t o  a subcompound which i s  more v o l a t i l e  than 

the  metal),  or ,  where the  compound i s  extremely s t ab l e  and has low vo l a t i l i -  

ty ,  by d i s t i l l i n g  the metal away from the  compound, 

Me l tbp  Under Vacuum 

The metallothermic reduction .of the  r a r e  ea r th  metals i s  customarily com- 

pleted by a vacuum remelt which serves primarily t o  remove the  retained re- 

ductant, usually calcium, Melting a t p r e s s u r e s  of loJ mm Hg i s  adequate for 

t h i s  purpose and reduction of Ca from about 1% t o  l e s s  than 150 ppm is 

obtained (2), 

s imilar  pur i f i ca t ion  i s  obtained i n  the case of yttr ium by consumable elec- 

trode a r c  melting i n  vacuum. The pressures which e m  be maintaisled i n  t h i s  

operation a r e  not pa r t i cu l a r l y  low s ince i t  i s  d i f f i c u l t  t o  s t a b i l i z e  an  a r c  

with low pressures, and s ince  the considerable evolution of v o l a t i l e  mater ia l  

e f f ec t i ve ly  increases t he  pressure in the  v i c i n i t y  of the  molten mater ia l ,  



Table I11 gives comparative analyses f o r  calcium and magnesium of yttr ium 

metal  a r c  melted i n  an argon atmosphere and i n  a nominal mm Hg vacuum. 
- 

The v o l a t i l e  metals have been e f fec t ive ly  removed, but l i t t l e  s i gn i f i c an t .  - ..: . 
change i n  other  impuri t ies  was observed from t h i s  treatment, 

. . 

.Very s ign i f ican t  improvements i n  the  vacuum melting process have resul ted 

from the  development by Temescal Metallurgical  Corporation of e lect ron bom- 

bardment heating (13) , Chief among these, from the standpoint ,  of purif  ica- 

t ion ,  i s  t he  a b i l i t y  t o  maintain pressures of the  order of mrn Hg &,.the 

immediate v i c i n i t y  of the  melting metal, With such pressures, a l l  vo l a t f l i -  

za t ion reac t ions  proceed more'rapidly and t o  a grea te r  degree of completion, 

Further,  s ince  the  melting metal d r i p s  off  t he  feed stock, a l a rge  amount of 

surface i s  exposed, and t h i s  a l s o  enhances pur i f i ca t ion  react ions ,  

A theory has been proposed f o r  the deoxidation of metals under high vacuum, i n  

which the  primary f ac to r  i s  the evolution of a v o l a t i l e  metal suboxide. The 

r e s u l t s  observed on columbium, tungsten, titanium, and zSrcon%um tend t o  sub- 

s t a n t i a t e  t h i s  theory. With adequate thermodynamic data,  the  tendency f o r  a 

metal t o  deoxidize should be predictable,  but  such data a r e  general ly  lacking 

f o r  t h e  r a r e  ea r th  metals; It has been estimated t h a t  y t k i u m  should de- 

ox id i  ze, however, and severa l  attempts have been made by the Temescal Metal- 

l u r g i c a l  Corporation t o  v e r i f y  t h i s ,  In no case has any s ign i f ican t  deoxf- 

dation taken place, and i n  'a few cases an increase fi oxygen content was ob- 

served. Results  of a typ ica l  melting a r e  shown in Table IV, This f a i l u r e  t o  

deoxidize may r e s u l t  from a breakdown of one of the  basic  assumptions i n  the  

case of y t t r i u m ,  or  from the  tying up of oxygen by an impurity which is  not 

i t s e l f  deoxidizable. 



I P u r i f i c a t i o n  by D i s t i l l a t i o n  . . 

A s  many of the  r a r e  e a r t h  metals  have f a i r l y  high vapor pressures  (u), it 

should be poss ib le  t o  p u r i f y  them by d i s t i l l a t i o n ,  In  a few cases,  e,g. 

samarium, europium, and ytterbium, where t h e  usual  meta l lo thernic  f l u o r i d e  

I reduction was not f eas ib le ,  the  primary prepara t ion was made a t  Ames by redue- 

I t i o n  of the  metal oxide with lanthanum o r  mfsch metal i n  tantalum apparatus 

with simultaneous d i s t i l l a t i o n  of t h e  v o l a t i l e  metal product,  Dysprosium, 

I erbium, thulium, and scandium have a l s o  been prepared i n  t h i s  way, The vola- 

t i l i t i e s  thus demonstrated suggest the  d i r e c t  d i s t i l l a t i o n  of the  impure metabs 

and t h i s  has a l s o  been reported by Ames (2), with a wconsiderableM seduc t ion , ,  

i n  oxygen content.  

Trombe (15) descr ibes  t h e  d i s t i l l a t i o n  of dysprosium using a - tungs ten  condenser " 

and a molybdenum crucible, .  t h e  whole being enclosed i n  a pyrex.evacuation . 

I chamber and heated.by induction,  A compact deposit.."well f r eed  from i t s  h- : 

p u r i t i e s "  was obtained, while a b lackish  res idue  of .  oxide containing silica 

l and i ron  remained i n  t h e  crucible ,  He i n d i c a t e s  t h a t  lanthanum has been p w i -  

f i e d  i n  the  same manner, which i s  su rpr i s ing  i n  view of i ts  low vapor pressure,  

No da ta  a r e  given on the  ana lys i s  of these  metals,  but  they a r e  noted a s  being 

more malleable than t h e  unrefined reduction products, 

P e t r u  (16) prepared scandium by metallothermic reduction and indicated  f u r t h e r  

p u r i f i c a t i o n  by d i s t i l l a t i o n  a t  ~ ~ o o ~ - ~ ~ o o ~ c  and low4 mm Hg. An i d e n t i c a l  
.. . . 

prepara t ion and p u r i f i c a t i o n  of scandium was reported by Iya (17),  
> 

.I 

Daane (18) has prepared yt t r ium by d i r e c t  d i s t i l l a t i o n  at  approximately 1 9 0 0 ~ ~  



i n  tantalum apparatus, D i s t i l l a t i o n  proceeded , readi ly ,  but t h e  high tem- 

pe ra tu re  r e s u l t e d  i n  considerable contamination with tantalum a t  the  condenser 

surface.  Other impur i t ies  have not as y e t  been evaluated, 

van Arkel - de Boer D e ~ o s i t i o n  
w 

'The "iodiden or  "hot wirett deposit ion process developed by van Arkel and de Boer 

in f 925 (19) ; .has been applied with success t o  t h e  p u f f  i c a t i o n  of severa l  of 

the  "react ivef1  metals,  t h e  prime example being zirconium. The bas ic  technique 

c o n s i s t s  of heating t h e  impure metal i n  a closed system with iodine,  The metal 

r e a c t s  forming a v o l a t i l e  iodide  which i s  decomposed on contact ing a hot wire 

o r  surface ,  deposit ing pur i f ied  metal and l i b e r a t i n g  the  iodine f o r  f u r t h e r  re- 

ac t ion ,  . . 

Loonam; i n  a recen t  review (20)~ def ines  two b a s i c  requirements f o r  .a  metal 

which determine i t s  a p p l i c a b i l i t y  f o r  refinement by t h i s  technique, The metal 
. 

must: (1) be capable of e x i s t i n g  a s  a s o l i d  o r  l i q u i d  a t  some temperature and 

pressure  i n  equilibrium with a gas of high atomic r a t i o  of iodine  t o  metab, 

,and (2) be capable of r e a c t i n g  r e a d i l y  with the  gaseous products of the  depo- 

s i t i o n  reac t ion  a t  t h e  same pressure  but  a d i f f e r e n t  temperature t o  y ie ld  a 

gaseous product of low atomic r a t i o  of iodine  t o  metal,  

In addi t ion ,  it  i s  d e s i r a b l e  that the  metal have a high melting point  and a 

low vapor pressure,  but  these  a i d  i n  deposit ion a s  a s o l i d  and a r e  not  e s s e n t i a l  

f a c t o r s ,  

Ideal ly ,  the  iodide of t h e  metal should have a low heat  of formation, bu t  the  

process i s  f e a s i b l e  f o r  many metals  with high values if they form t e t r a  o r  

t r i - iodides ,  s ince  t h e  l a r g e  p o s i t i v e  entropy changes on d i s soc ia t ion  in such 



cases r e s u l t  i n  a n . o v e r a l 1  decrease i n  f r e e  energy of d i s soc ia t ion  with in- 

creas ing temperature. On t h i s  bas i s ,  t h e  metals  l e a s t  l i k e l y  t o  be amenable 

t o  r e f i n i n g  a r e  those which form mno-iodides which remain monomeric and s t a b l e  

Sn the  vapor s t a t e .  Loonam p r e d i c t s  t h a t  the  mono-iodides of the r a r e  e a r t h  

metals  w i l l  be s u f f i c i e n t l y  s t a b l e  t o  prevent  d i s soc ia t ion ,  and t h i s  conclusion 

i s  confirmed by the  exce l l en t  co l l ec t ion  of thermodynamic d a t a  presented by 

Scaif  e and Wylie ( 2 l ) ,  

The genera l ly  high v o l a t i l i t i e s  of t h e  r a r e  e a r t h  metals  a l s o  work aga ins t  

t h e i r  p u r i f i c a t i o n  by deposit ion,  s ince  the  high temperatures necessary f o r  

d i s s o c i a t i o n  of the  iodide w i l l  a l s o  r e s u l t  in vaporizat ion of any metal deposited, 

Deposition of lanthanum, t h e  l e a s t  v o l a t i l e  metal of the  group, was attempted 

by Fos te r  and coworkers (22) i n  a modified van Arkel - de Boer depos i t ion in  

which the  iodide was formed by reac t ion  of iodine  and;aluminum on lanthanum 

oxide, .Dissociation proved t o  be neg l ig ib le  a t  ~OOO'C and was only s l i g h t l y  

improved a t  1 8 0 0 ~ ~ .  The metal  was appreciably v o l a t i l e  a t  the l a t t e r  tempera- 
.: . 

ture ,  and only small mounts  of lanthanum were detected on the  wire, The de- 

p o s i t  was contaminated with aluminum~from the  iodide  prepara t ion,  

F raz ie r  (23) has attempted the. deposit ion of y t t r ium from both bromide ahd 

iod ide .  a t  bulb ,temperatures from 300' t o  520°c and n;blybdenh f i lament tem- 
, . 

0 
pera tu re  from 600 '~  t o  1600 C. No ,deposit was obtained i n  any of the  experi- 

ments 

Trombe (15) mentions t h a t  i t  has not  been poss ib le  t o  deposi t  t h e  r a r e  e a r t h  

metals  by t h e  gan Arkel - de Boer technique, bu t  gives no d e t a i l s  of any t r i a l s ,  

Formation and decomposition of metal carbonyls has been u t i l i z e d  a s  a 



puri f  i c a t i on ,  technique. Though s imilar  in p r inc ip le  t o  the  van Brkel - 
d'e Boer process, the  reac t ions  are usually carr ied out  i n  separate chambers 

a t  d i f f e r e n t  pressures. Data a r e  e n t i r e l y  lacking on carbonyls of t he  r a r e  

e a r t h  metalso but one patent  (24) claims pur i f i ca t ion  of crude cerium by for-  

mation of the  heptacarbonyl with CO under heat  and pressure, followed by dis-  

t i l l a t i o n  and dissocia t ion t o  metal and CO. This teehnique;if confirmed, would 

appear t o  be worthy of invest igat ion f o r '  other metals of the  group. 

Solid S t a t e  E l e c t r o l ~ s i s  

The mobi l i ty  of foreigh ions  within a metal l a t t i c e  subjected t o  a DC f i e l d  

has been recognized f o r  many years ,  (25), but  l i t t l e  study of the phenomenon has 

been made. The e f f ec t  is  most pronounced f o r  the  non-metallic atoms which can 

presumably migrate i n t e r s t i t i a l l y  i n  the metal, but  t ranspor t  of metal impuri- 

, t i e s  has a l s o  been observed (26). The remarkable mobil i ty of oxygen in zip- 

conium was reported by de  Boer and Fas t  (27), and t h i s  l ed  t o  the consideration 

by General E l ec t r i c  s A i r c r a f t  Nuclear Propulsion Department of the  technique 

a s  a pu r i f i c a t i on  method f o r  yttrium (28). There i s  no indicat ion i n  the 

l i t e r a t u r e  of any p r io r  use of the method f o r  purifying metals, though ~ o f f 6  

(29) described the  removal of metal l ic  impurit ies from quartz i n  t h i s  way. 

Y t t r i u m  bars  of 3/81t and 3/4" diameters were electrolyzed i n  s t a t i c  argon by 

GE-ANPD a t  2500% and 2200'~ respect ively  f o r  200 hour periods using the  vacuum ' 

chamber of an a r c  melting furnace. Water cooled electrodes were attached t o  

t he  bars ,  which were heated by the  passage of d i r e c t  currents  of some 300 t o  

, 700 amperes. Figure I11 shows one of the bars  a t  the  completion of the elec- 

t r o ly s i s .  A number of s l i g h t  o f f s e t s . o r  "kinksn a r e  evident, and these were 

subsequently shown t o  be transverse grain boundaries between 1arge.singl .e 



c r y s t a l s  of yttrium. 

Resul ts  of fhe  e l e c t r o l y s i s  were similar a t  t h e  two temperatures employed, 

though g r e a t e r  o v e r a l l  t r anspor t  of impur i t ies  was observed a t  the  higher .tern- 

p e r a t m e ,  a s  would be expected f o r  a  d i f f u s i o n a l  process, Resul ts  of ana lys i s  

a t  t h r e e  1oca.tions on t h e  2200'~ s p e c h e n  a r e  shown in Table V and are compared 

with t h e  o r i g i n a l  bar ,  Marked movement of oxygen toward the  anode was observed, 

with l e s s  pronounced movement of ni trogen in the  same d i r e c t i o n ,  A number of 

m e t a l l i c  impur i t ies  were a l s o  moved toward the  anode. 

Figure ...IV shows t h e  microstructure a t  d i f f e r e n t  loca t ions  i n  t h e  bar ,  The fn- 
is - - . . .. . 

clus ions  of the. o r i g i n a l  have been almost completely removed near the  cathode. 
, . 

F i g u r e  V shows a  d iametr ic  sec t ion  through the.anode end of the  ba r ,  The s t r i k i r g  

accumulation of inclusfon mate r i a l  o f f e r s  f u r t h e r  evidence of t h e  cleansing ef- 
. . 

. ' f e c t  of t h e  e l e c t r o l y s i s .  Di f f rac t ion  of t h i s  ma te r i a l  ind ica te  both 

Y 0  and YOF, Hardness and e l e c t r i c a l  conductivi ty showed no s i g n i f i c a n t  vari-  
2 3 

r 
a t i o n  over t h e  bar except i n  thi 's region of high inclus ion concentrat ion,  

The pronounced t r anspor t  of oxygen was su rpr i s ing  i n  view of i t s  low so lub i l i%y 

i n  y t t r i u m .  It must be concluded t h a t  the  mobi l i ty  of that which does d i s s o ~ v e  

i s  q u i t e  high, and that t h e  process continues u n t i l  the  insoluble  inc lus ion is  

a l l  removed, ' Thus, i t  seems probable t h a t  s imi la r  p u r i f i c a t i o n  of t h e  o the r  

r a r e  e&th metals  might be obtained by t h i d  technique, whatever t h e i r  apparent 

i 

. s o l u b i l i t i e s  f o r  oxygen, 

M i  scellan6ous Pur i f  Scat ion Techniques 

A few p u r i f i c a t i o n  techniques have been described which p o t e n t i a l l y  a r e  appl i -  

cable t o  t h e  r a r e  e a r t h  metals,  and which have been attempted with one o r  more 



metals of t he  group. One of these i s  the  f l o t a t i o n  of insoluble impurit ies 

from an amalgam e i t he r  of t h e  metal o r  i ts  hydride, Schumachep (30) and 

Audrieth (31) reported d i r e c t  amalgamation of the  r a r e  ea r th  metals, A s  

oxides, carbides, halides,  e t c ,  were insoluble i n  mercury, these impurit ies 

f l oa t ed  on the  amalgam and could be separated by under-pouring o r  f i l t r a t i o n ,  

Ef f ic ien t  use  of t h i s  technique .requires f i n e  divis ion of the metal, and t h i s  

can be accomplished by forming the b r i t t l e  hydride and grinding, Warf and 

coworkers (32, 33) have shown tha t  mercury wets the hydrides of lanthanum, 

cerium, and ytterbium, and they mention t ha t  oxide and other impurity in- .  

clusions f l oa t ed  on the  .amalgam. Frazier  (23) t r i e d  t o  wet YH3 with mercury 

without success, however, Assuming the f l o t a t i o n  t o  be successful ,  f u r t he r  

processing by vacuum d i s t i l l a t i o n  would remove both mercury and hydrogen, 

leaving a pur i f i ed  metal powder, 

The readiness with which the  r a r e  ea r th  metals form r e l a t i ve ly  s t ab l e  hydrides 

suggests pur i f i ca t ion  by hydride p rec ip i ta t ion  from a low melting a l l oy  through 

introduction of hydrogen, The hydride would then be separated fpom the melt 

by f i l t e r i n g  o r  decantation and fu r the r  t reated by vacuum dis t i1 la t io .n  t o  re- 

move hydrogen and mercury and produce metal powder, This technique has been 

employed by Woerner and Ch io t t i  f o r  thorium (34). Frazier  bubbled hydrogen 

through a low melting a l l oy  of yttrium, aluminum and magnesium (23). The 

r e s u l t s  were inconclusive due t o  excessive f ro th ing  of the melt, but  indicated 

t h a t  extreme d i f f i c u l t y  would be encountered with t h i s  system i n ' t h e  separation 

.- 
step,  and no fu r the r  work was done, 

An e lec t ro re f  ining technique developed by the  Bureau of Mines Electrometal- 

~ lurgical.Experiment'Station has been used with success f o r  pu r i f i c a t i on  of a 
, . 



nmber  of r e a c t i v e  metals  (35), The impure metal i s  made t h e  anode i n  a molten 

s a l t  ba ths  . and pur i f i ed  metal is  deposited a s .  dendr i t i c  c r y s t a l s  on the  cathode,. 

Experiments a r e  cur ren t ly  in progress a t  the  S ta t ion  on the r e f i n i n g  of y t t r ium 

i n  t h i s  manner, and e a r l y  r e s u l t s  show encouraging reduction of oxygen content 

of t h e  metal (36), It seems reasonable t o  assume t h a t  t h i s  process might be 

used t o  advantage with o ther  metals  of the  r a r e  e a r t h  group, 

Conclusions 

Behavioral d i f ferences  within the  r a ~ e e a r t h  metal group a r e  s u f f i c i e n t l y  prs- 

n o u c e d  t o  make genera l iza t ions  i n  regard t o  p u r i f i c a t i o n  'of quest ionable value,  
' 

In t h e  few cases where the  same technique has been applied t o  two members of' 

t he  m o w ,  t h e  r e s u l t s  a s  o f t en  a s  not  have been contradic toryo Nevertheless, 

it would appear t h a t  those techniques which a r e  genera l ly  most promising f o r  

q u r i f i c a t i o n  of the  r a r e  e a r t h  metals a r e  d i s t i l l a t i o n a n d  s o l i d  s t a t e  e l e c t r o l p  
' 

. y s i s .  Zone re f in ing  may be of value f o r  some impuri t ies ,  but  the  van Arkel - 
de ~ o e r  deposit ion technique appears t o  hold l i t t l e  promise, None of the  tech- 

niques with the  poss ib le  exception of amalgamation is  p a r t i c u l a r l y  a t t r a c t i v e  

as a production process, and it must be concluded t h a t  refinement of t h e  r e d u c t f a  
n 

i t s e l f  i s  t h e  optimum method f o r  obtaining a pure metdl i n  quan t i ty ,  A s imi la r  ' 

conclusion was reached by Richardson (37) i n  a recent  t h e o r e t i c a l  survey of 

metal  r e f i n i n g  techniques, . . -  
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TABLE I 

T m i c a l  Analysis of Y t t r i u m  Metal Ingot* 

Element 

Carbon 
Nf trogen 

Iron 
Nickel 
Calcium 
Magnesium 
Si l i con  
Copper : 
Aluminum 
Chromium 
Boron 
Zirconium 

Total  Rare Earths'  

* 
Produced by Ca-Elg reduction of YP3 i n  zirconium vessel ,  followed by 
vacuum ndemaggingtt and consumable e lect rode a r c  melting i n  argon with 
remelt i n  vacuum, 



Imp&ity Content i n  
MetalcBef ore 

Processing, 
% .  

. . . . . . .  

. L 

EEm,, 
. . .  . . ' . .  - _  . .* . . 

Nitrogen 270 

Iron . 500,: 

Content i n  
,Metal Af ter  Processina,  ppmo 

. . . . . .  
Near Beginning . Center '  ~ e &  End 

of Zone - of Zone 
. . . e .  

. . .  '*  . . .: 

. . .... 
Chromium 10 10 . . . .  (3; I . . < 1 

. . 
. ' I  , , . 

Copper 10 2 .  0 .5 5 
. . 

Nickel 50 50 50 50 

I Titanium 100 100 100 100 

Zirconium 4700 4300 3100 2750 
.' . *, ::.. . . .  L .,..3 . . . . . . . . . . . . .  . . . . . . .  

. . . .  . .  .., . ,. , .  . . . . . . . . . . . . .  . . . , .  , 



TABLE III 

Comparative Removal of Calcium and Magnesium from 
. . 

Yttrium Metal by C6nsumable Arc Melting in Argon and Vacuum 

Me1 tine; Analyzed b u r i t s  Content, vm 
Procedure 

Calcium Magnesium 

Two melt# 800 50 350 800 100 300 
in Argon 

First melt in 6 1 5 30. 6 23 
Argon, seco d f melt in 10- ** 
mm Hg vacuum 

0 
Average of results on 17 ingots, 

*% Average of results on 25 ingots, - 



r .  
. . .  . . : ' . . . .... . . . . .  , .  . . . . .  . . . . . . . . . _ . . . . . . . . . . _  ( ' !  : . . . . . . . .  

by Temescal Metallurgical  ~ 6 m o r a t i o n "  

Content i n  Content in Processed Metal Ingot, ppm 
'. . Original Metal, 

, ppm . . Center Bottom 
. . ' L . .  7 .  

Nitrogen 

Zirconium 

Chromium 

Iron . ' 

Nickel 

Copper 

. . .  . . .  . . . . .  
it 

Analyses made by General E l ec t r i c  - Aircra f t  Nuclear Propulsion 
Department , 



TABLE V 

Results of Sobid State  Electrolysis of Y t t r i u m  B a r  

2200'~ f o r  200 Hours 

-* Content i n  Metal Content in  Metal After Processing, DP~,, 
Before Processing, 

L?E!Eo Near Cathode Center Near Anode 

Oxygen 3330 665 3100 10900 

Nitrogen 510 366 570 700 

Silicon 5 5 100 10 140 

Iron 150 60 50 600 

Manganese 9 < 1 < 1 6 

Magnesium 5 10 < 5 .6 

Zirconium 9000 9000 : 9000 7000 

Nickel 250 ' - 50 100 1000 

Chromium 80 20 20 30 

Boron 7 3 6 15 

Titanium 9 4 3 4 3 30 

Cobalt 1 -< l 4 1 6 

0 
Other impurities showed no change as  a r e su l t  of tbe1ect ro lys is0 .  





N@ start ~f zone Canter 

Fig. 11 - Microskuctu~e of zone - refined yttrium 
metal at three Locations. Etched with 
Ham, HNOa, artd CHaCOOH. ( B O O )  



Fig. III - Yttrium metal bar after 200 hour 
electrolyeis at 2200 I?. (U37026A) 



Fig. IV - Microstructure of electrolyzed 
yttrium bar at three locations. 
Unetched. (X250) 
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Fig. V - Diametric section of anode end 
of electrolyzed yttrium bar. 
Unetc hed. (X5) 




