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PUKlFLCATION OF I R I D I U M  BY AN OXIDA'l'lUN-UISSOLTI'TLON - PROCESS 

J. L. Federer  

A method f o r  p u r i f y i n g  i r i d i u m  has  been demonstrated 
and a p p l i e d  t o  t h e  t r ea tmen t  o f  about  9 kg of  i r i d i u m  
powder and s h e e t  s c r a p  having  impur i ty  c o n t e n t s  ranging  
from 0.6 t o  3.72. The p rocess  invo lves  h igh- tempera ture  
o x i d a t i o n  o f  impure i r i d i u m  t o  v o l a t i l e  Ir03, which 
subsequen t ly  condenses as I r O 2 .  Some i m p u r i t i e s  remain 
i n  t h e  ho t  zone of t h e  fu rnace  and some pass o u t  of t h e  
system as v o l a t i l e  ox ides .  Impuri ty  ox ides  t h a t  condense 
w i t h  t h e  I r O Z  are leached  w i t h  v a r i o u s  a c i d  s o l u t i o n s .  
F i n a l l y ,  t h e  p u r i f i e d  T r O p  i s  reduced t o  m e t a l  w i th  hydrogen. 

The i r i d i u m  was ox id ized  by c o n t a c t  w i t h  oxygen a t  
1100°C i n  s i l i c a  glass tubes .  The ra te  of fo rma t ion  o f  
Ir02 w a s  f a s t e r  f o r  s h e e t  s c r a p  and c o a r s e  lumps (about  
10  g/day p e r  a p p a r a t u s )  t h a n  f o r  more f i n e l y  d i v i d e d  m a t e -  
r i a l  (about  7 gfday  p e r  a p p a r a t u s ) ,  because t h e  l a t t e r  
s i n t e r e d  i n t o  a mass of lower surface area. The product  
i r i d i u m  w a s  as pure  as 99.98%, a l though  some w i t h  a r e s i d u a l  
t u n g s t e n  c o n t e n t  of 300 ppm w a s  o n l y  about  99.93% pure .  
The f i n a l  product  w a s  -40-mesh i r i d i u m  powder, which was 
pres sed  i n t o  compacts and s i n t e r e d  i n  p r e p a r a t i o n  f o r  
m e l t i n g  and u l t i m a t e  f a b r i c a t i o n  i n t o  s h e e t  

I N T R O D U C T I O N  

The Mu 1 t i- Hundr ed Glatt (MHW 1 r a d  i o  i so t o p e  t hermo e 1 ec t r i c g e n e r a t o r  
i s  be ing  developed t o  supply  e l e c t r i c a l  power f o r  space  v e h i c l e s .  The 
i s o t o p i c  h e a t  sou rce  of t h e  MHW system uses 238Pu02 f u e l ,  which is con- 
t a i n e d  i n  a s p h e r i c a l  c l add ing .  The r e f e r e n c e  a l l o y  f o r  c l add ing  t h e  
f u e l  i s  1 d . 3  w t  X W. This  a l l o y  h a s  t h e  c h a r a c t e r i s t i c s  needed f o r  
t h i s  a p p l i c a t i o n  - namely, h igh  m e l t i n g  p o i n t  and s u f f i c i e n t  s t r e n g t h  and 
o x i d a t i o n  r e s i s t a n c e  a t  t empera tu res  i n  t h e  r ange  800 t o  1400°C. The 
a d d i t i o n  of 0 . 3  w t  % W improves t h e  f a b r i c a b i l i t y  and some of t h e  s t r e n g t h  
p r o p e r t i e s  of i r i d ium.  On t h e  o t h e r  hand,  i m p u r i t i e s  such as A l ,  C r ,  
Fe,  S i ,  and some nob le  m e t a l s  are be l i eved  t o  b e  d e t r i m e n t a l  t o  f a b r i -  
c a b i l i t y  and h igh- tempera ture  mechanica l  p r o p e r t i e s .  

F a b r i c a t i o n  of  f u e l  s p h e r e s  and t e s t i n g  of  t h e s e  s p h e r e s  result i n  
unavoidable  contaminat ion  of s i g n i f i c a n t  q u a n t i t i e s  of i r i d i u m .  I n  
a d d i t i o n ,  commercial ly  a v a i l a b l e  and United States Government s t o c k g l l e  
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ir i-dium o f t e n  c o n t a i n  an  unaccep tab le  ].eve1 of c e r t a i n  i m p u r i t i e s .  For 
these reasons  a method of p rocess ing  i r i d i u m  t o  o b t a i n  a minimum pur i - ty  of 
about 99 .98% w a s  needed. The p roduc t ion  ra te  needed t o  p rov ide  an  
adequate  supply of i r i d i u m  f o r  t h e  MHW program w a s  e s t ima ted  t o  be  about 
200 t r o y  ouces p e r  month (about  6200 g/rmonth). 

t h a t  i r i d i u m  i s  t h e  most c o r r o s i o n - r e s i s t a n t  metal  known. The metal  i s  
completely una t t acked  by t h e  common m i n e r a l  a c i d s  and aqua r e g i a  a t  
ambient and e l e v a t e d  t empera tu res . ’  
p l a t inum metals t o  t h e  halogens up t o  6OO0C, and i s  on ly  s l i g h t l y  a t t a c k e d  
by fused  sodium and potassium hydroxi-des and by fused  sodium b i c a r b o n a t e .  
On a comerc i .a l .  scale ,  i r i d i u m  i s  recovered from p r e c i o u s  m e t a l s  con- 
c e n t r a t e s  de r ived  from base-metal r e f i -n ing  o p e r a t i o n s .  The c o n c e n t r a t e s  
are f i r s t  treatied w i t h  aqua r e g i a  t o  s e p a r a t e  s o l u b l e  A U ~  P t ,  and Pd from 
i n s o l u b l e  R h ,  Ru, I r ,  and Ag. The i n s o l u b l e  r e s i d u e  i s  smelted w i t h  bo rax ,  
soda a s h ,  l e a d  c a r b o n a t e ,  and carbon t o  f o r m  a l e a d  al-l-oy containi-ng t h e  
p r e c i o u s  metals .  

l e a d .  The resi-due i s  t r e a t e d  w i t h  molten sodium b i s u l p h a t e  a t  5OO0C, which 
d i s s o l v e s  t h e  rhodium and l e a v e s  t h e  ruthenium and i r i d i u m  v i r t u a l l - y  
unat  tacked.  
a t  500°C. 
s o l u b l e  sodium r u t h e n a t e ,  and t h e  i r i d i . m  i s  l e f t  as I.rO2. The l r O 2  i s  
dissol.ved i n  ho t  aqua r e g i a ,  T r e a t i n g  this s o l u t i o n  w i t h  n i t r i c  a c i d  
and ammonium c h l o r i d e  causes  t h e  i r i d i u m  t o  p r e c i p i t a t e  as ammonium 
c h l o r i r i d a t e .  T h i s  compound i s  igni. t:ed and reduced i.trrder hydrogen a t  
1000°C t o  gi-ve meta l l ic  powder a s s a y i n g  >99.9% Ir. 

be  used. 
w i t h  oxygen a t  e l e v a t e d  t empera tu res  produces v o l a t i l e  I r03  by t h e  r e a c t i o n  

Any s e a r c h  f o r  a p u r i f i c a t i o n  p rocess  i s  conf ron ted  w i t h  t h e  f ac t  

It  j.s t h e  most: res i s tan t  of t h e  

1 

The a l l o y  i s  t r e a t e d  w i t h  n i t r i c  a c i d ,  which d i . s so lves  t h e  s i lver  and 

The ruthenium and i r i d i u m  are  hea ted  w i t h  sodium pe rox ide  
Ruthenium is  leached w i t h  water from t h e  r e s u l t i n g  m i x t u r e  as 

A l i t e r a t u r e  s e a r c h  i n d i c a t e d  t h a t  an o x i d a t  ion t echn ique  might a l s o  
Seve ra l  i n v e s t i g a r o r ~ ~ ’ ~  have shown t h a t  o x i d a t i o n  of i r i d i u m  

21r (s) +- 302 (g) --> 211-0~ (g) . 

Below 1100°C the v o l a t i l e  ox ide  d i s s o c i a t e s  t o  Ir02 acid oxygen by the 
rciiac’iion 

The b a s i c  p rocess  t h e n  would c o n s i s t  (,:E c o n t a c t i n g  impure i r i d i u m  w i t h  
oxygen a t  an  e l e v a t e d  temperature  t o  form v o l a t i l e  I r O 3 ,  which subsequen t ly  
condenses as Ir02 i n  a c o o l e r  p a r t  of t h e  system. Some i m p u r i t i e s  would 
be  expected t o  remain i n  t h e  h o t  zone as r e l a t i v e l y  n o n v o l a t i l e  ox ides  
and some would pass  out of t h e  system as gases .  Impur i ty  oxi.des t h a t  
condense w i t h  t h e  Ir02 mighl: h e  removed by se lec t ive  chemical  d i s s o l u t i o n .  
F i n a l l y ,  t h c :  X r 0 2  would be  reduced t o  metal w i t h  hydrogen. The t o t a l  
p rocess  invo lves  € e w e r  s t e p s  than  t h e  commercial p r o c e s s  mentioned above 
and could b e  conducted on a l a b o r a t o r y  s c a l e  u s i n g  s imple  and rcndi1.y 
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a v a i l a b l e  equipment. P rocess  v a r i a b l e s  could  b e  c l o s e l y  c o n t r o l l e d ,  so 
t h a t  a c o n s i s t e n t l y  pu re  product  could be ob ta ined .  

FEASIBILITY EXPERIMENTS 

The o x i d a t i o n - d i s s o l u t i o n  p rocess  was proven by  p rocess ing  i r i d i u m  
c o n t a i n i n g  up t o  3 w t  % i m p u r i t i e s S 3  
oxygen i n  s i l i c a  g l a s s  rubes  a t  1000 and 1100°C. The I r O z ,  which 
d e p o s i t e d  on t h e  c o o l e r  p a r t s  of t h e  s i l i c a  g l a s s  t u b e s ,  w a s  t r e a t e d  w i t h  
a 1 HF:l H 2 0  s o l u t i o n  and w i t h  aqua r e g i a ,  t hen  reduced t o  metal powder 
w i t h  hydrogen a t  6 O O 0 C .  
i r i d i u m  b e f o r e  and a f t e r  p u r i f i c a t i o n .  The r e s u l t s  show t h a t  a product  
a s say ing  about  99.98% IK o r  b e t t e r  can be produced from an a l l o y  
( l o t  77-41-l), a s h e e t  € a b r i c a t e d  from a contaminated e l e e t r o n - b e m -  
melted i n g o t  (lot 7 7 - E B - l ) ,  and an  arc-melted i n g o t  t o  which i m p u r i t i e s  
had been i n t e n t i o n a l l y  added ( l o t  77-S-2). The results f o r  l o t  77-EB-1 
a l s o  show t h a t  t h e  c o n c e n t r a t i o n s  of P e ,  Mo, P t ,  R e ,  Ku, and W i n  t h e  
p u r i f i e d  product  were lower a t  an o x i d a t i o n  tempera ture  of 1000°C than  
a t  L100"C; however, t h e  h i g h e r  p u r i t y  w a s  ob ta ined  at. o n e - f i f t h  t h e  Ir02 
product ion  ra te .  Thus t h e  process  i n v o l v i n g  o x i d a t i o n  and d i s s o l u t i o n  
was found t o  be  c a p a b l e  of producing i r i d i u m  of  adequate  p u r i t y  f o r  t h e  
MHW program. 

The mater ia l  w a s  ox id i zed  w i t h  

T a b l e  E shows the a n a l y s e s  of t h r e e  l o t s  of 

PROCESS DEMONSTRAT I O N  

I n  view of t h e  success  of t h e  f e a s i b i l i t y  exper iments ,  we  dec ided  
t o  p u r i f y  a l a r g e r  amount o f  iridium t o  f u r t h e r  e v a l u a t e  t h e  p r o c e s s .  
'Chis s tudy  w a s  i n t ended  t o  p rov ide  in€ormat:ion on product ion  ra tes ,  
product  p u r i t y ,  i r i d i u m  recove ry ,  f a b r i c a b i l i t y  of t h e  p r o d u c t ,  and 
problems a s s o c i a t e d  w i t h  t h e  process .  Approximately 9 .4  kg of impure 
i r i d i u m  w a s  p rocessed  i n  t h i s  s t u d y ,  whereas  t h e  f e a s i b i l i t y  experiments  
had been conducted w i t h  o n l y  about  200 g .  

E q, u i. pmen t 

Impure i r i d i u m  metal w a s  ox id i zed  a t  1100°C wi th  t h e  a p p a r a t u s  shown 
s c h e m a t i c a l l y  i n  F ig .  1. The s i l i c a  g lass  o x i d a t i o n  t u b e s  w e r e  n o m i n a l l y  
2 1 / 8  i n .  I D  X 23 i n .  l ong ,  w i t h  a 3/16-in,-LD oxygen i n l e t  t ube .  A 
m u l l i t e  o x i d a t i o n  tube w a s  used i n  one o x i d a t i o n  experiment  conducted a t  
1300 and 1400'C. The oxygen flowed i n t o  t h e  bottom of t h e  o x i d a t i o n  tube  
through a 1/8-in.-diam hole .  
of about  1 / 2  i n . ;  t h e  c h i p s  d i s p e r s e d  t h e  oxygen stream and prevented  
s m a l l  p a r t i c l e s  of i r i d i u m  from f a l l i n g  through t h e  h o l e  when t h e  oxygen 
w a s  n o t  f lowing .  The s i l i c a  g l a s s  c o l l e c t i o n  tubes  were nominal ly  
1 9/16 i n .  I D  X 23  i n .  long.  These extended i n t o  t h e  o x i d a t i o n  t u b e s  
through a rubber  sea l  and u s u a l l y  t e rmina ted  3 i n .  b e l o w  the top  of t h e  
furnace .  

Alumina c h i p s  covered the h o l e  t o  a dep th  
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ORPJL-DWG 73-YO00 

P 
SILICA GLASS 
COLLECTION TUBE 
I Y / , ~  in. 10 --------- - 

23 I , 
SILICA GLASS 
OXIDATION TUBE 
2V8 In. ID 

IRiOlUM cn A RG E 

ALUM1 NA 
CHIPS-- 

FURNACE L 
--! I 
(6 in 

FILl 

OXYGEN OUT 

I OXYGEN INLET 
OXYGEN 1N TUBE- 

Fig .  1. Schematic of  t h e  Ox ida t ion  System. 

F i g u r e  2 i s  a photograph of an o x i d a t i o n  assembly. Eleven similar 
assembl i e s  w e r e  ope ra t ed  s imul t aneous ly  f o r  several months. 
shows t h e  s i l i c a  g l a s s  o x i d a t i o n  and c o l l e c t i o n  t u b e s  b e f o r e  and a f t e r  
use .  The wh i t e  appearance  of t h e  used o x i d a t i o n  t u b e  was caused by 
d e v i t r i f i c a t i o n  of t h e  s i l i c a  glass, which always occurred  i n c r e a s i n g l y  
w i t h  t i m e  a t  l l O O ° C .  
t u b e  w a s  always q u i t e  t h i n  and a p p a r e n t l y  r e s u l t e d  from random movement 
of 1 ~ 0 2  p a r t i c l e s .  The i n n e r  wall of the c o l l e c t i o n  t u b e  became more 
h e a v i l y  coa ted  w i t h  Ir02 d u r i n g  an o x i d a t i o n  pe r iod .  
lower 2- t o  3-in. p o r t i o n  ( i n s i d e  t h e  f u r n a c e )  w a s  a h a r d ,  c r y s t a l l i n e  
d e p o s i t ,  which adhered t o  t h e  s i l i c a  g l a s s .  Often t h e  d e p o s i t  f i l l e d  
t h e  cross s e c t i o n  of t h e  collection t u b e  a t  t h i s  l o c a t i o n .  Above t h e  
fu rnace  t h e  i n n e r  w a l l  of t h e  tube was covered with a f i n e ,  l o o s e l y  
adhe r ing  powder. 
water t r a p ,  and i n  t h e  f i l t e r .  
f l asks .  

F i g u r e  3 

The b l a c k  c o a t i n g  on the upper p a r t  of t h e  o x i d a t i o n  

The c o a t i n g  on t h e  

En t ra ined  powder d e p o s i t e d  i n  t h e  dry  t r a p ,  in  t h e  
The t r a p s  w e r e  made of 500-rnl Pyrex g l a s s  

The p r i n c i p a l  r eason  f o r  t h e  d r y  t r a p  w a s  t o  prevent  a c c l d e n t a l  
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Fig. 2 ,  Oxidat ion Apparatus. 
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TUBE ASSEMBLY 

OXIDATION TUBE - AFTER USE 

COLLECTION TUBE - AFTER USE 

'ig. 3. Silica Glass Oxidation and Collection Tubes. 
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f low of  water i n t o  t h e  o x i d a t i o n  tube .  Some o x i d a t i o n  t u b e s  w e r e  
o p e r a t e d  wi thou t  w a t e r  t r a p s ,  b u t  a l l  had f i l t e r s .  The f i l t e r s  w e r e  
nominal ly  3 i n .  diam X 12 i n .  long.  The f i l t e r  medium w a s  b l o t t e r  paper 
wrapped on a p e r f o r a t e d  m e t a l  c y l i n d e r  and v e r y  e f f e c t i v e l y  s topped  
e n t r a i n e d  powder. 

Procedures  

The v a r i o u s  s t e p s  i n  t h e  p u r i f i c a t i o n  p rocess  are shown i n  t h e  flow- 
s h e e t  i n  F ig .  4. A d e s c r i p t i o n  of each  s t e p  f o l l o w s .  

Charge P r e p a r a t i o n  

Typ ica l  i r i d i u m  cha rges  f o r  t h e  o x i d a t i o n  t u b e s  are shown i n  F ig .  5. 
I r i d i u m  s h e e t  s c r a p  ranged i n  t h i c k n e s s  from about  0.005 t o  0.09 i n .  
Th i s  mater ia l  w a s  c u t  w i t h  hand s h e a r s  i n t o  approximate ly  3/4 X 3 /4  i n .  
p i e c e s .  I r i d i u m  s p h e r e s  t h a t  had been used i n  impact tests w e r e  about  
0.03 i n .  t h i c k .  These w e r e  broken i n t o  approximate ly  1/8 X 1/8 i n .  
p i e c e s  w i t h  a hardened steel mor ta r  and p e s t l e .  I r i d i u m  powder w a s  
p re s sed  a t  50 tsi  i n t o  compacts measuring 1.8 X 1 X -0.25 i n .  and 
s i n t e r e d  f o r  1 h r  a t  1000°C i n  hydrogen. 
s tee l  mor t a r  and p e s t l e  i n t o  e i t h e r  -10 +20-mesh g r a n u l e s  o r  approximate ly  
1 / 4  t o  1 / 2  i n .  lumps. 

These w e r e  broken w i t h  a hardened 

Ox ida t ion  

A cha rge  of s h e e t  s c r a p ,  s p h e r e  s c r a p ,  o r  s i n t e r e d  powder g r a n u l e s  
o r  lumps w a s  loaded  i n t o  t h e  o x i d a t i o n  t u b e s .  The fu rnace  w a s  hea t ed  t o  
1100°C w i t h  oxygen f lowing  a t  t h e  d e s i r e d  rate. 
oxygen, p r a c t i c a l l y  no Ir02 d e p o s i t e d  i n  t h e  c o l l e c t i o n  t u b e s .  P e r i o d i c a l l y  
t h e  oxygen f low w a s  s topped ,  and t h e  c o l l e c t i o n  t u b e s  w e r e  t aken  o u t  of 
t h e  o x i d a t i o n  tubes  f o r  removal of t h e  Iron d e p o s i t .  The g a i n  i n  weight 
of t h e  c o l l e c t i o n  t u b e  d u r i n g  an o x i d a t i o n  p e r i o d  w a s  recorded  as t h e  
amount of  Ir02 c o l l e c t e d  even though some of t h e  d e p o s i t  could n o t  e a s i l y  
be  d i s lodged  from t h e  tube .  
t h e  c o l l e c t i o n  t u b e s  w i t h  a s t a i n l e s s  s teel  r o d ,  w h i l e  adhe ren t  d e p o s i t s  
w e r e  recovered  la ter  by d i s s o l v i n g  t h e  s i l i c a  g l a s s  w i t h  h y d r o f l u o r i c  
a c i d .  
u s u a l l y  removed from t h e  c o l l e c t i o n  t u b e s  every  o t h e r  day. 
o f t e n  r e s u l t e d  i n  complete f i l l i n g  o f  t h e  c r o s s  s e c t i o n  of t h e  c o l l e c t i o n  
t u b e s  a t  t h e  bottom end, and b r i d g i n g  of t h e  d e p o s i t  t o  t h e  w a l l  of t h e  
o x i d a t i o n  t u b e s .  When t h i s  occur red  t h e  c o l l e c t i o n  tubes  could  n o t  be  
withdrawn from t h e  o x i d a t i o n  t u b e s  w i t h o u t  b reak ing  one o r  bo th  tubes .  
Oxygen f lows  w e r e  dec reased  t o  avoid  t h i s  problem whenever t h e  c o l l e c t i o n  
i n t e r v a l  w a s  expec ted  t o  exceed two days.  

Without a s t e a d y  flow of 

Most of t h e  I r O 2  w a s  e a s i l y  d i s lodged  from 

During a cont inuous  o x i d a t i o n  run  f o r  4 t o  8 weeks, t h e  Ir02 w a s  
Longer i n t e r v a l s  
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Fig.  4 .  Flowsheet f o r  I r i d i u m  P u r i f i e d  by t h e  Oxidat ion-  
D i s s o l u t i o n  Process * 

Treatment  of Ir02 - 

The Ir02 removed from t h e  collection tubes ,  w a t e r  traps, and f t l t e rs  
was screened  t o  s e p a r a t e  40-mesh  powder. The remainder  was crushed as 
r e q u i r e d  t o  -40-mesh powder w i t h  a hardened s tee l  mortar and p e s t l e .  
500- t o  550-g ba tches  of t h e  powder w e r e  l eached  w i t h  a c i d  s o l u t i o n s  to 

Then, 
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Fig.  5 .  I r i d i u m  Charge f o r  Oxida t ion .  ( a )  Shee t  s c r a p .  (b) Sphere 
s c r a p  s imula t ed  by n i c k e l  ( t h e  sphe re  s c r a p  had been consumed by t h e  time 
of photographing) .  ( c )  Powder. (d)  Pressed-and-s in te red  compacts. 
( e )  Broken compact. 

d i s s o l v e  metal l ic  i m p u r i t i e s .  The a c i d s ,  c o n d i t i o n s ,  and s u s c e p t i b l e  
i m p u r i t i e s  are shown i n  Table  2. For t h e s e  t r e a t m e n t s  t h e  powder w a s  
p l aced  i n  600-ml Pyrex g l a s s  b e a k e r s ,  excep t  t h a t  p l a s t i c  beake r s  w e r e  
used f o r  h y d r o f l u o r i c  a c i d .  The powder w a s  s l u r r i e d  i n  t h e  a c i d  by 
manual s t i r r i n g  w i t h  a T e f l o n  rod  two o r  t h r e e  t imes  du r ing  t h e  exposure  
p e r i o d .  A f t e r  a minimum exposure  of 24 o r  48 h r  t h e  a c i d  w a s  decanted  
i n t o  a f i l t e r ,  e i t h e r  p l a s t i c  w i t h  f i l t e r  paper  f o r  HF o r  Pyrex  f r i t  f o r  
t h e  o t h e r  a c i d s .  The purpose  of t h e  f i l t e r  w a s  t o  c a t c h  ve ry  f i n e  powder 
t h a t  f l o a t e d  on t h e  s u r f a c e  of  t h e  a c i d  o r  subsequent  r i n s e  w a t e r .  A f t e r  
t h e  a c i d  w a s  decanted ,  t h e  powder w a s  s l u r r i e d  i n  d i s t i l l e d  w a t e r ,  which 
w a s  a l s o  decanted  i n t o  t h e  f i l t e r  a f t e r  t h e  powder had s e t t l e d .  A t  
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Table  2.  Acid Treatments  of I r O z  

Acid 
Minimum 

T i m e  Soluble  Metal Oxides Temp era t u r  e 

( h r )  ("C) 

1 HF-1 H 2 0  25 48 S i 0 2  , W03 
concd H C 1  90 24 Cu20, Fen03 , MnsOh , MnOz , 

PbOz, Pb203, P t O ,  R e 0 2  

3 concd HC1-1 concd HNO3 40 24 CO 3 0 4  

concd HN03  

concd H 2 S 0 4  

B 2 O 3 ,  C a O ,  C O O ,  CuO, FeO, 
Fe304 , MgO, MgOz , MnO , 
Mn2O3, Moos, N a z O n ,  N i O ,  
PbO, R e O 3 ,  R e 2 O 7 ,  RuOL,, 
WO2 , ZnO 

90 24 

90 24 c0304 , C r O 3  , Moon, T i O ,  
T i 2 O 3 ,  T i 0 2  

l eas t  f i v e  such r i n s e s  w e r e  used b e f o r e  t h e  next  a c i d  s o l u t i o n  was added. 
The purpose of t h e s e  r i n s e s  w a s  t o  wash o u t  s o l u b l e  s a l t s  t h a t  might be  
en t rapped  i n  t h e  powder. A f t e r  t h e  l as t  a c i d  t r ea tmen t  t h e  powder w a s  
r i n s e d  about  t e n  t i m e s ,  a t  which p o i n t  s e t t l i n g  became q u i t e  s l u g g i s h  ( t h e  
more a c i d  t h e  s o l u t i o n ,  t h e  f a s t e r  t h e  powder s e t t l e d ) .  Then t h e  powder 
w a s  d r i e d  i n  an oven a t  about  100°C. The d r y  powder cake w a s  crushed i n  
t h e  beakers  w i t h  a Tef lon  rod ,  t hen  passed through a 40-mesh s c r e e n .  
Crushing of t h e  d r i e d  cake  t o  -40-mesh powder w a s  necessa ry  t o  avoid  l a r g e r  
lumps of p a r t i a l l y  s i n t e r e d  m e t a l  a f t e r  t h e  hydrogen r e d u c t i o n  s t e p  
d i scussed  below. 

Reduction of I r O 2  t o  I r id ium 

Samples  of -40-mesh powder w e r e  reduced t o  metal wi th  hydrogen a t  
8OO0C, then  chemica l ly  analyzed f o r  i m p u r i t i e s .  I f  t h e  a n a l y s i s  i n d i c a t e d  
t h a t  s u f f i c i e n t  p u r i t y  had been a t t a i n e d ,  t h e  b u l k  Ir02 w a s  reduced t o  
metal. About 1200 g of I r O 2  w a s  reduced i n  two p la t inum b o a t s  i n  a 
2 1/8-in.-ID Incone l  600 tube .  About 16  g of w a t e r  w a s  produced f o r  each 
100 g of Ir02, which gene ra t ed  enough s t e a m  t o  v i s i b l y  darken t h e  h o t  
zone of t h e  fu rnace  u n l e s s  l a r g e  hydrogen f lows w e r e  used.  The hydrogen 
f low ra te  w a s  g r e a t e r  t han  5600 cm3/min a t  t h e  beginning  of t h e  r e d u c t i o n  
and w a s  g r a d u a l l y  reduced t o  3400 cm3/min near t h e  end of  t h e  r educ t ion .  
The r e d u c t i o n  of 1200 g of  Ir02 r e q u i r e d  about  4 h r  a t  8OOOC. The i r i d i u m  
powder r e s u l t i n g  from t h i s  t r ea tmen t  w a s  passed through a 40-mesh s c r e e n  
and w a s  then  ready f o r  p r e s s i n g  i n t o  compacts. 
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Compact P r e p a r a t i o n  

P u r i f i e d  i r i d i u m  powder w a s  formed i n t o  me l t ing  s t o c k  by p r e s s i n g  
and s i n t e r i n g .  Compacts w e r e  prepared by co ld  p r e s s i n g  150 g of powder 
i n  a 1 x 1.8 i n .  d i e  a t  50 t s i .  The pressed  compacts w e r e  p r e s i n t e r e d  
i n  t h e  same Inconel  600 tube  used f o r  I r O z  r educ t ion .  The compacts, 
r e s t i n g  on plat inum s h e e t ,  were he ld  a t  1000°C f o r  1 h r  i n  a hydrogen 
atmosphere. Afterwards,  t h e  compacts w e r e  vacuum s i n t e r e d  a t  1500°C f o r  
4 h r  wh i l e  r e s t i n g  on i r id ium s h e e t  s c r a p .  The purpose of t h e  p r e s i n t e r  
a t  1000°C w a s  t o  i n c r e a s e  t h e  g reen  s t r e n g t h  s o  t h a t  t h e  compacts could be 
t r a n s f e r r e d  i n t o  t h e  vacuum fu rnace  and t o  d r i v e  o f f  t h e  s t e a r i c  a c i d  
l u b r i c a n t  used du r ing  p res s ing .  The purpose of t h e  vacuum s i n t e r i n g  
t rea tment  w a s  t o  produce a h i g h l y  dense  compact t h a t  would n o t  ou tgas  
dur ing  subsequent  electron-beam mel t ing .  
w a s  s i g n i f i c a n t l y  l e s s  f o r  vacuum-sintered compacts than  f o r  compacts 
t h a t  had been p r e s i n t e r e d  only .  

Some ou tgass ing  d i d  occur  bu t  

RESULTS AND DISCUSSION 

Ir02 Product ion  R a t e  

The product ion  of Ir02 f o r  fou r  d i f f e r e n t  t ypes  of i r i d i u m  charges  
i s  shown i n  Table  3. The average  product ion  ra te  f o r  a g iven  tube  w a s  
ob ta ined  by d i v i d i n g  t h e  t o t a l  amount of  Iron produced by t h e  number of  
o p e r a t i n g  days.  S ince  t h e  weight  of i r i d i u m  charge  w a s  n o t  t h e  same i n  
each case, t h e  average  product ion  rates w e r e  normalized on t h e  b a s i s  of 
a 600-g i n i t i a l  charge ,  t h e  approximate amount used i n  most experiments .  
This  t r ea tmen t  assumes as a f i r s t  approximation t h a t  t h e  average  pro- 
duc t ion  ra te  depends d i r e c t l y  upon t h e  i n i t i a l  weight  of charge .  The 
normalized v a l u e s  appear  i n  t h e  l a s t  column of Table  3 .  
va lues  f o r  comparison t h e  fo l lowing  o b s e r v a t i o n s  may be  made: 

1. The lowest  product ion  rates were obta ined  wi th  charges  of 
-10 +20-mesh g ranu les  prepared  from powder. 

2 .  Approximately t h e  same product ion  ra tes  w e r e  ob ta ined  wi th  
charges  of s i n t e r e d  powder lumps and s h e e t  s c r a p .  

3. Product ion  rates v a r i e d  by a f a c t o r  of about  2 w i th  s i m i l a r  
charges  of s h e e t  s c r a p ,  t h e  only type  of charge  f o r  which s u f f i c i e n t  d a t a  
a f fo rded  a meaningful  comparison. 

The lower Ir02 product ion  rates w i t h  -10 +20-mesh charges  w e r e  
unexpected, s i n c e  t h e  ra te  of format ion  of Ir03 should have inc reased  
w i t h  i n c r e a s i n g  s u r f a c e  area of charge.  W e  found, however, t h a t  
-10 +20-mesh p a r t i c l e s  p a r t i a l l y  s i n t e r e d ,  which reduced t h e  s u r f a c e  area 
exposed t o  t h e  oxygen stream. When s i n t e r i n g  occur red ,  the oxygen w a s  
channeled through s e v e r a l  h o l e s  i n  t h e  charge.  On t h e  o t h e r  hand, s h e e t  
s c r a p  and lumps made from powder compacts d i d  no t  pack so  t i g h t l y  t o g e t h e r ,  
and t h e  oxygen passed through numerous p a t h s  i n  t h e  charge.  

The cumulat ive amount of I r O 2  c o l l e c t e d  as a f u n c t i o n  of t ime i s  
shown by t h e  t y p i c a l  curves  i n  F ig .  6. Curve 1 f o r  a charge  of -10 +20- 
mesh g ranu les  shows a dec reas ing  Ir02 product ion  r a t e  u n t i l  t h e  s i x t h  day,  

Using t h e s e  



Table 3.. P r o d u c t i o n  of 11-02 from Four D i f f e r e n t  Types of Charges 

~~~~ ~~~ 

I n i t i a l  Cumulat ive C m u l a t i v e  P roduc t ion  Raze ,  g lday  

(cm3/rnin) Charge T i m e  Produced No rmalizeda 
Temperature  Oxygen I r i d i u m  Opera t ing  I r O 2  

Aver age ("0 
Tube 

(PI (days)  ( 8 )  Average 
~~~~~~ ~ 

S i n t e r e d  Powder Granu les ,  -10 +20 m e s h  

3 1100 200G-4@00 369 57 201 3.5 5.7 
4 1100 1OOC-3000 250 57 194 3.4 8.2 

Sphere Sc rap  Granu les ,  -10 +20 mesh 

6A 1100 1000-2 000 435 54 244 4.5 6 .2  

S i n t e r e d  Powder Lumps, 114 t o  112 i n .  

3 B  1100 1000-2000 611 31 388 12 .5  12 .3  
4A 1100 1000-2000 550 31 315 10.2 11.1 

(333) 83 802 9.7 C 

Shee t  Sc rap ,  -314 i n .  s q u a r e s  

1A 1100 1000-4000 600 33 473 14 .3  14 .3  
1 B  1100 100*2000 4 38 1 3  73 5.6 d 
2A 1100 1 0 0 ~ 0 0 0  600 70 465 6 . 6  6.6 
38 1100 1000-4000 600 48 sa0 1 2 . 1  1 2 . 1  
5 1100 1000-2000 620 76 535 7 . 1  6 .9  
6 1100 100*20 00 602 42 372 8.9 8.9 
7 1100 100 0-2 OD0 604 45 459 10.2 10.2 
8 1100 100*2000 600 4 1  477 11.6 11 .6  
9 1100 1000-2000 602 39 436 1 1 . 2  1 1 . 2  
9A 1100 1000-2000 787 61 545 8.9 d 
10 1100 1000-2000 600 4 1  527 12.9 12.9 
11 1300-1400 1000-2000 622 34 422 1 2 . 0  11.6 

1 2.A 1100 1000-2000 675 56 504 9 .3  8 .3  
(450)e 47 531 11.3 C 

%ormalized on t h e  b a s i s  of a n  i n i t i a l  c h a r g e  of 600 g.  

bAdded on 31st day. 

'Not computed because  c h a r g e  was added d u r i n g  t h e  run.  

dNor: computed because  cha rge  c o n t a i n e d  much f i n e  materiai  from p r e v i o u s  r u n s .  

eAdded on 3Lth day. 
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Fig.  6 .  Product ion  of Ir02 from Typ ica l  Charges of Impure I r id ium 
a t  l l O O ° C .  

a t  which time t h e  ra te  w a s  i n c r e a s e d  by i n c r e a s i n g  t h e  oxygen f low r a t e  
froni 2000 t o  4000 cm3/min ( p o i n t  A ) .  
aga in  on t h e  1 4 t h  day and decreased  s t i l l  f u r t h e r  on t h e  23rd day,  when 
t h e  oxygen f low ra te  w a s  reduced t o  t h e  o r i g i n a l  v a l u e  of  2000 cm3/min 
( p o i n t  B ) .  
charge  depended upon t h e  oxygen f l o w  rate.  

curve 2 i n  F ig .  6 shows a g r a d u a l  d e c r e a s e  over  t h e  54-day o x i d a t i o n  
pe r iod .  
no r e l a t i o n s h i p  of product ion  ra te  t o  t h e s e  flow rates was observed.  

The product ion  rate decreased  

Thus, t h e  product ion  ra te  a s s o c i a t e d  w i t h  t h i s  p a r t i c u l a r  

The Ir02 product ion  ra te  f o r  a sphe re  s c r a p  charge  r ep resen ted  by 

During t h i s  t i m e  t h e  oxygen flow rate w a s  1000 o r  2000 cm3/min; 
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A charge  of s i n t e r e d  powder lumps produced t h e  r e s u l t s  desc r ibed  
by c-urve 3 i n  F ig .  6.  The I r O Z  p roduc t ion  r a t e  gradual- ly  decreased  with 
a c o n s t a n t  oxygen flow r a t e  of  1000 cm3/min u n t i l  t h e  31st day ( p o i n t  C ) ,  
a t  which time 333 g of charge  w a s  added t o  t h e  o x i d a t i o n  tube .  T h i s  
addi.ti.on caused an i-inniediate i n c r e a s e  i n  product ion  ra te ,  which remained 
s t e a d y  f o r  a n  oxygen flow r a t e  of e i t h e r  1000 or  2000 cm3/min u n t i l  t h e  
53rd day ( p o i n t  D)  when t h e  ra te  began t o  dec rease .  On t h e  6 9 t h  day 
( p o i n t  E ) ,  t h e  oxygen f low w a s  s topped ,  b u t  t h e  charge  remained a t  ll00"C 
f o r  10  days .  When t h e  oxygen f low resumed on t h e  79th  day t h e  p roduc t ion  
r a t e  w a s  h ighe r  t han  b e f o r e  t h e  10-day ho ld ing  p e r i o d ;  t h e  r eason  f o r  t h e  
i n c r e a s e d  ra te  is  no t  known. 

Curve 4 shows t h e  product ion  of I r O z  from a charge  of s h e e t  scrap. 
This  material ox id ized  f a s t e r  t han  any o t h e r ,  producing about  16 g IrOJday 
f o r  t h e  f i r s t  30 days.  The rate gradual. ly decreased  ove r  t h e  48-day 
o x i d a t i o n  pe r iod  w i t h  an  oxygen f low ra te  of 1000 o r  2000 cm3/mi.n. 
t h e  o x i d a t i o n  w a s  s topped ,  about  500 g of  t h e  o r i g i n a l  600-g charge  had 
been c o l l e c t e d  as 580 g I r O z .  

I n  g e n e r a l  t h e  p roduc t ion  ra te  i n  a p a r t i c u l a r  o x i d a t i o n  tube  pro1mbl.y 
decreased  w i t h  t i m e  f o r  t h e  fo l lowing  r easons :  

1.. Decrease i n  t h e  amount of  cha rge  ava i - l ab le  f o r  o x i d a t i o n .  
2 .  P a r t i a l  s i n t e r i n g  of  the cha rge .  
3 .  Oxygen channel-ing through t h e  charge  a 

4 .  R e t a r d a t i o n  of o x i d a t i o n  by nonvo la t ive  o x i d e s ,  which became 

When 

i n c r e a s i n g l y  concen t r a t ed  on t h e  s u r f a c e  of  t h e  charge  as o x i d a t i o n  
progressed .  

impur i ty  ox ides  on t h e  s u r f a c e  of p a r t i c l e s .  

by i n c r e a s i n g  t h e  o x i d a t i o n  t empera tu re ,  t u b e  11, a m u l l i t e  t u b e  c o n t a i n i n g  
s h e e t  s c r a p ,  was o p e r a t e d  f o r  47 days a t  1300 and 1400°C. During t h i s  
pe r iod  t h e  average  p roduc t ion  rate w a s  simi.lar t o  t h a t  of t u b e s  ope ra t ed  
a t  1100°C; however, f o r  about  seven  days midway through t h e  o p e r a t i n g  
pe r iod  t h e  producti .on ra te  w a s  about  30 g /day ,  o r  about  t h r e e  t i m e s  t h e  
average  ra te  f o r  t h e  pe r iod .  Fol lowing t h i s  h i g h  o u t p u t ,  t h e  producti.on 
rate dropped s h a r p l y  t o  about  4 g/day.  The sudden i n c r e a s e  i n  p roduc t ion  
rate may have been caused by manilally b reak ing  up t h e  p a r t i a l l y  s i n t e r e d  
cha rge ,  which was sometimes done i n  a n  e f f o r t  t o  s t i m u l a t e  p roduc t ion ,  i n  
con junc t ion  w i t h  t h e  h i g h e r  o x i d a t i o n  tempera ture .  The s h a r p  d e c l i n e  i.n 
p roduc t ion  rate fol-lowing t h e  peak w a s  probably  caused by a d e c r e a s e  i n  
t h e  amount of charge  and by p a r t i a l  s i n t e r i n g .  

Product ion  rates might a l s o  b e  i n c r e a s e d  by i n c r e a s i n g  t h e  oxygen 
f l a w  rate, as i n d i c a t e d  by cu rve  1 i n  F i g .  6. Unfo r tuna te ly ,  t h e  condi.ti.on 
o f  t h e  cha rges  changed con t inuous ly  du r ing  o x i d a t i o n ,  so t h a t  i n c r e a s i n g  
either tempera ture  o r  oxygen f low r a t e  o n l y  t e m p o r a r i l y  i n c r e a s e d  t h e  
p roduc t ion  rate.  A t  any ra te ,  i n c r e a s i n g  t h e  oxygen f low rate would n o t  
b e  expec ted  t o  cause  a major  e f f e c t ,  s ince o n l y  about  0.03% of t h e  oxygerl 
reacts t o  form Z r O 2  du r ing  a t y p i c a l  o x i d a t i o n  pe r iod .  

I f  each a p p a r a t u s  produced 1r02 a t  t h e  ra te  of 16  g/day shown by 
cu rve  4 i n  Fig.  6 f o r  sheet s c r a p ,  15 appa ra tus  would b e  r e q u i r e d  t o  
supply  t h e  e s t ima ted  6200 g needed each  month f o r  f a b r i c a t i o n  development 
under t h e  M?HW program. Allowing f o r  equipment breakdown and lower-than- 
average  p roduc t ion  ra tes  (say  1 0  g/day)  a minimum o f  25 appa ra tus  would 

5. A combinat ion of ( 2 )  and ( 4 ) ,  where s i n t e r i n g  was enhanced by 

I n  an e f f o r t  t o  de t e rmine  whether  p roduc t ion  rates might  b e  i n c r e a s e d  
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probably b e  r equ i r ed .  Such an  a n a l y s i s  emphasizes t h e  need t o  i n c r e a s e  
t h e  product ion  ra te  per  appa ra tus ,  t he reby  mi-nimizing t h e  number of 
appa ra tus  and t h e  r e p e t i t i v e  o p e r a t i o n s  performed w i t h  each appa ra tus .  

Product  P u r i t y  

The e f f e c t i v e n e s s  of t h e  p u r i f i c a t i o n  p rocess  w a s  a s ses sed  by comparing 
t h e  chemical  a n a l y s e s  of s t a r t i n g  material and f i n i s h e d  p roduc t ,  as shown 
i n  Table  4 .  The spark-source mass-spectrograp1i:ic t echn ique  used t o  o b t a i n  
t h e s e  r e s u l t s  h a s  an accuracy  of approximate ly  0 .5  t o  2 t i m e s  t h e  v a l u e  
r e p o r t e d .  Values  t h a t  d i f f e r  by o n l y  a f a c t o r  of  2 t o  4 ,  t h e r e f o r e ,  are  
n o t  cons idered  t o  b e  s i g n i f i c a n t l y  d i f f e r e n t ,  w h i l e  v a l u e s  which d i f f e r  
by a f a c t o r  of 5 o r  more are cons ide red  t o  be  s i g n i f i c a n t l y  d i f f e r e n t .  

The as - rece ived  powder had a t o t a l  impur i ty  con ten t  of about  1.5%, 
a s  shown i n  Table  4 .  I m p u r i t i e s  exceeding 400 ppm w e r e  C a ,  Fe,  N i ,  Pb, 
P t ,  S ,  S i ,  and T1.  As-prepared L r O 2  w a s  s u b s t a n t i a l l y  lower i n  each of 
t h e s e  elements;  however, some o t h e r  e lements  t h a t  w e r e  h ighe r  i n c l u d e  Mo, 
Ru, T i ,  and W.  I r i d i u m  powder reduced from t h e  a c i d - t r e a t e d  Ir02 had a 
p u r i t y  of about  99.97%, wi th  t h e  fo l lowing  major i m p u r i t i e s  ( i n  p a r t s  per  
m i l l i o n ) :  Pb, 30; Y t ,  50; Rh, 30; Ru, 90; S ,  30; and W ,  30. 

The as - rece ived  sphe re  s c r a p  had a p u r i t y  of on ly  96 t o  9 7 % ,  w i t h  
g r o s s  amounts of C a ,  Fe, Mo, P t ,  Rh, and Th (Table  4 ) .  I r i d i u m  powder 
reduced from a c i d - t r e a t e d  Ir02 had a p u r i t y  of about  99.98%. Tungsten 
(70 ppm) w a s  t h e  only  impur i ty  hav:i.ng a c o n c e n t r a t i o n  g r e a t e r  t han  20 ppm. 

Sheet  Scrap  

The as - rece ived  material weighed about  7000 g and c o n s i s t e d  o f  
hundreds of  p i e c e s  of v a r i o u s  t h i c k n e s s e s  and shapes.  A r e p r e s e n t a t i v e  
sample f o r  chemical  a n a l y s i s ,  t h e r e f o r e ,  could  n o t  b e  i d e n t i f i e d .  I n s t e a d  
o f  ana lyz ing  t h e  s t a r t i n g  material ,  w e  reduced t o  m e t a l  a sample of T r 0 2  
r e s u l t i n g  from o x i d a t i o n  and analyzed i t  b e f o r e  any a c i d  t r ea tmen t .  
i r i d i u m  powder reduced from as-prepared Ir02 (Table  4 )  had t h e  fo l lowing  
p r i n i c p a l  i m p u r i t i e s :  C a ,  Cu, Fe, N i ,  Pb, P t ,  Rh, S i ,  T a ,  and W.  Each 
of t h e s e  e lements  decreased  i n  c o n c e n t r a t i o n  a f t e r  a c i d  t reat-ment ,  
a l though t h e  c h l o r i n e  c o n t e n t  i nc reased .  The c h l o r i n e  and s u l f u r  c o n t e n t s  
were probably r e s i d u a l s  from t h e  a c i d  t r ea tmen t s .  I r i d ium reduced from 
I r O 2  p repared  a t  1300 and l 4 0 0 O C  w a s  similar i n  p u r i t y  t o  material  t h a t  
had been ox id ized  a t  1100°C except  f o r  h ighe r  potassium and l e a d  c o n t e n t s .  
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Table  4 .  A n a l y s i s  of I r i d i u m  Refore and After  Purification 
by Oxidat  ion-Di-ssolut i.011 

.... ............ __ .- __ __.- - __ -. ~ _ _  . ........... 
Conten t ,  ppm (Unless Otherwise I n d i c a t e d )  

..... 

E l e m e n t  

__-_. 

A 1  
A s  
B 
Ba 
B i  
B r  
C a  
C e  
c 1  
co 
Cr 
c u  
Fe 
Ga 
K 
Mg 
Mn 
KO 
Na 
Nb 
Ni 
os 
P 
Pb 
Pd 
P t  
Rb 
R e  
Rh 
Ru 
S 
Sb 
S i  
Sn 
S r  
Ta 
T e  
Th 
T i  
T 1  
V 
W 
Zn 
Z r  
Ir. %' 

Powder Sphere Sc rap  

Ir 
As Re- 
ce ived  1r0za 

5 
1 
5 
<1 

2 
170  

2 
15 

3 
25 

4 
2 5 
1 

15  
35 
1 

170 
10 
<1 

4 
10  

L 
700 
(1 

250 
5 
<1 
15 

500 
120 
<I 
25 
<1 
<1 
30 
<1 
CO.1 

125 
<10 

20 
210 

2 
1 

98.57 99.75 
..... 

aAs prepa red  a t  1 1 0 0 ° C .  

bFrom a c i d - t r e a t e d  11-02. 

20 
0.1 
0 .2  

20 
10  
<1 

600 
<1 
30 
90 
30 
50 

1500 
<1 
20 
1 
3 

10 
1 
0.5 

700 
40 

5 
7000 

6 
1500 

<1 
(0 .3  

150 
150 

1000 
40 

900 
6 

<1 
<O. 3 

0.7 
<o. 1 

4 
400 

30 
9 
3 
0 .3  

Reduced 
Powderb 

Ir  

ceived 
AS Re-  

1 
<1 
1 
<1 
<l 
<1 
1 

<1 
5 
0.2 
2 
3 

10 
(1 
1 
<1 

0.2  
<I 

0.5 
<1 

3 
< 3  

0.5 
30 
<1 
50 
Cl 
<3  
30 
90 
30 
(1 
20 
<1 
<1 
<5 
<1 
(0.1 

0.5 
< 10  

I 
30 
<1 
Cl 

300 
0 .4  
9 
0.7 

100 
2 

2000 
2 
8 
3 

100 
500 

2000 

20 
10 
1.0 

>>I% 
4 

50 
300 
<0.4 
20 

200 
20 
>1% 

2 
2 

>>1% 
4 

100 
0.3 

25 
60 

30 
<1 
>1% 
1 

<10 
1 

700 
300 
300 

0.6 

0.5 

._ 

99.97 96.29 

Red'lcet Powder 

... 

0.5 

0.5 
<1 

C1 
Cl 
<I 

3 
(1 
10 
0.5 
2 
3 
2 

<1 
3 

Cl 
<0.2 

5 
0.6 

C l  

3 
< 3  

0 . 3  
1 
<1 
20 
<1 
< 3  

3 
10 

3 
<1 
10  
<1 
<1 
< 5  
<1 
c o . 1  
c0.2  

< 10 
< 0 . 2  
70 
<1 
<1 

Shee t  S c r a p  

Ir  
Towder 

€rim 
Ir02a 

10 
CO.1 

6 
<0.1 

3 

60 
2 

0 .3  

a 

a 
30 
50 

200 
0.2 

20 
1 
3 
10 
1 
10 

LOO 
C O . 4  

2 
60 

6 
100 

2 
<0.2 

150 
1 5  
30 
C O . 1  

3000 
20 
<1 

300 
<I 
1 
1 

<10 
3 

2000 
10 
0.1 

99.98 -___ 

~r from I r O z b  
P r e p a r e d  a t  

... 

l l 0 O 0 C  

2 
0.1 
2 

<1 
<1 

2 
2 
2 

80 
0.1 
3 
2 

30 
<1 
20 
1 
0 . 3  

10 
4 

<2 
2 

<1 
1 
6 
2 

30 
2 
<I 

5 
15  
30 
<1 

3 
<1 
<1 
1 

<1 
<1 

5 
< 10 

0 .3  
300 

3 
0.1 

99.38 .. 

- _ _  
1300, 
1400°C 

6 
0 .1  
6 

<l 
<1 

2 
0.6 
1 

30 
0 .3  

10 
2 

10  
<1 

200 
1 
0 .3  
3 

10 
<1 

2 
<1 
1 

60 
<1 

3 
2 
<1 

2 
5 

30 
<l 

3 
(1 
<1 
1 

<1 
<1 

5 
< l o  

1 
300 
1 
0.1 

- -_ 

99.94 99.93 ......... 

'By d j f f e r e n c e .  
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The o v e r a l l  p u r i t y  of i r i d i u m  produced from t h e  s h e e t  s c r a p  was 
about  99.93%, i n c l u d i n g  300 ppm W. Based upon t h e  r e s u l t s  of f e a s i b i l i t y  
experiments ,  w e  expected t h e  tungs t en  con ten t  t o  be  lower.  The ox ides  
W 0 3  and WO;! may have had s u f f i c i e n t l y  h igh  vapor  p r e s s u r e s  t o  m i g r a t e  ou t  
of t h e  h o t  zone and subsequent ly  condense w i t h  Iron; however, W 0 3  and WO2 
are s o l u b l e  i n  h y d r o f l u o r i c  and n i t r i c  a c i d s ,  r e s p e c t i v e l y .  We cannot  
e x p l a i n ,  t h e r e f o r e ,  why t h e  tungs t en  con ten t  of  i r i d i u m  prepared  from 
s h e e t  s c r a p ,  i n  p a r t i c u l a r ,  w a s  much h i g h e r  t han  t h a t  o b t a i n e d  i n  f e a s i -  
b i l i t y  experiments  d i scussed  ear l ie r .  

I r id ium Recovery 

A mater ia l  ba l ance  w a s  made t o  de te rmine  t h e  i r i d i u m  recovery  €o r  t h e  
p u r i f i c a t i o n  p rocess  s t a r t i n g  w i t h  t h e  impure charge  and ending w i t h  t h e  
p r e p a r a t i o n  or -4O-mesh p u r i f i e d  i r i d i u m  powder. The r e s u l t s  of t h i s  
material ba l ance  are  summarized i n  Table  5. The material  charged i n t o  t h e  
o x i d a t i o n  t u b e s  weighed 9425 g ,  i nc lud ing  90 g (minimum) of i m p u r i t i e s .  
Approximately 96% of t h e  t o t a l  i r i d i u m  charged was recovered ,  e i t h e r  as 
p u r i f i e d  i r i d i u m  powder (85.4%) o r  as incomple te ly  p u r i f i e d  material  
(10.7%) remaining i n  t h e  o x i d a t i o n  t u b e s  when t h e  experiment  w a s  t e rmina ted .  
Approximately 4% of t h e  i r i d i u m  charged w a s  l o s t  du r ing  p u r i f i c a t i o n .  

Table  5. Material Balance f o r  I r i d i u m  P u r i f i c a t i o n  P rocess  

Weight 
-- Material 

(8 1 (%I 

Sheet  s c r a p  (99.42 Is) 

Powder (98.6% T r )  

Sphere s c r a p  (96.3% I r )  

6570 

2 396 

459 
_I_ 

T o t a l  mater ia l  charged i n t o  o x i d a t i o n  t u b e s  9425 

90 Less i m p u r i t i e s  

T o t a l  i r i d i u m  charged i n t o  o x i d a t i o n  tubes  9335 100.0 

Recovered from o x i d a t i o n  t u b e s  b e f o r e  995 10.7 

I_ 

p u r i f i c a t i o n  w a s  completed 

T o t a l  s u b j e c t e d  t o  complete p u r i f i c a t i o n  8 340 

Recovered p u r i f i e d  i r i d i u m  

p rocess  

7970 85.4 - 
Lost  i n  p u r i f i c a t i o n  370 3.9 

----- ._..l.l.-..l_____ 



19 

Losses  occur red  a t  v a r i o u s  s t a g e s  of t h e  p rocess .  P a r t  of t h e  material 
t o  b e  p u r i f i e d  was i n  t h e  form of f i n e  (-325 mesh) powder, and t h e  product  
of  o x i d a t i o n  inc luded  bo th  a f i n e  powder and mater ia l  t o  b e  crushed t o  
powder. Although t h e  product  w a s  crushed t o  p a s s  a 40-mesh s c r e e n ,  t h e  
c r u s h i n g  a c t u a l l y  produced much f i n e r  mater ia l .  F i n e  powder could  easi.1.y 
become a i r b o r n e  d u r i n g  v a r i o u s  a c t i v i t i e s  and w a s  d i f f i c u l t  t o  r ecove r  
when involved  i n  a c c i d e n t a l  s p i l l s .  The f o l l o w i n g  p r i n c i p a l  losses 
occur red  i n  t h e  i n d i c a t e d  o p e r a t i o n s  of t h e  o x i d a t i o n  system: 
l o s t  du r ing  c r u s h i n g  of impure powder compacts b e f o r e  cha rg ing  i n t o  
o x i d a t i o n  t u b e s ;  (2)  l o s s e s  du r ing  o x i d a t i o n  when rubber  seals f a i l e d  and 
a l lowed Ir02 t o  e scape  from the sys tems;  ( 3 )  Ir02 lodged i n  the. f i l t e r  
medium o f  t h e  o x i d a t i o n  system; ( 4 )  Iron l o s t  d u r i n g  c l e a n o u t  of t h e  
c o l l e c t i o n  t u b e s ;  (5) IrQ2 l o s t  d u r i n g  c rush ing  t o  40 -mesh  powder; 
( 6 )  I r 0 2  lodged i n  Pyrex and-pape r  f i l t - e r s  used t o  f i l t e r  t h e  a c i d  
s o l u t i o n s .  Losses d u r i n g  a c i d  t r e a t m e n t  of v a r i o u s  b a t c h e s  of IrQ2 powder 
ranged from 0.1 t o  12, i n d i c a t i n g  t h a t  losses due t o  a c i d  d i s s o l u t i o n  of 
I r 0 2  w e r e  s m a l l .  

(1) i r i d i u m  

Compacting and Mel t ing  

The i r i d i u m  powder prepared  i n  t h i s  s t u d y  was made i n t o  compacts, 
mel ted  i n  an electron-beam f u r n a c e ,  and r o l l e d  i n t o  s h e e t  t o  demonst ra te  
t h a t  t h e  material w a s  f a b r i c a b l e  and t o  p rov ide  material f o r  r e s e a r c h  i n  
t h e  Multi-Hundred Watt program. 
e i t h e r  t u n g s t e n  (0.3 and 1 . 9 2  w t  X) o r  r h e n i m  (1.92 w t  Z),  t h e n  made i n t o  
compacts measuring about 1.8 X 1 X 0.3 i n .  by co ld  p r e s s i n g  a t  50 tsi.  
The compacts w e r e  p r e s i n t e r e d  a t  1.000'C f o r  1 h r  i n  hydrogen. 
r e s u l t e d  i n  a d e n s i t y  of about l 5  g/cm3 ( p ~ ~  = 22.5 g/cm3). 
s i n t e r i n g  a t  1500°C f o r  4 h r  t h e  d e n s i t y  w a s  t y p i c a l l y  1.8.5 g/cm3. 
compacts e x h i b i t e d  no unusual  behav io r  du r ing  p r e p a r a t i o n ,  as compared 
w i t h  compacts prepared  from some i r i d i u m  ob ta ined  € r a m  commercial sou rces .  
S p e c i f i c a l l y ,  no d i f f i c u l t y  was encountered  i n  p r e s s i n g  t h e  compacts, and 
normal o u t g a s s i n g  and weight 1.0s~ occurred  d u r i n g  vacuum s i n t e r i n g .  
F igu re  7 shows t h e  powder from which a t y p i c a l  pressed-and-s in te red  compact 
w a s  p repared .  

The -40-mesh powder w a s  blended w i t h  

Th i s  
A f t e r  vacuum 

The 

Comments on t h e  P rocess  

The p rocess  as conducted i n  t h i s  s t u d y  w a s  r a t h e r  Laborious.  The 
impure powder had t o  be  p r e s s e d ,  s i n t e r e d ,  and broken i n t o  lumps f o r  
cha rg ing  i n t o  t h e  o x i d a t i o n  tubes .  F i n e l y  d i v i d e d  m a t . e r i a 1  produced by 
c rush ing  t h e  s i n t e r e d  compacts had t o  be  r e c y c l e d .  Sheet s c r a p I  which 
could be  shea red  i n t o  smaller p i e c e s ,  w a s  more e a s i l y  prepared  as a charge.  

A s  
d i s c u s s e d  p r e v i o u s l y ,  t h e  Iron sometimes formed a b r i d g e  between t h e  
c o l l e c t i o n  t u b e  and the su r round ing  o x i d a t i o n  rube. This  occur rence  
u s u a l l y  r e s u l t e d  i n  breakage  of t h e  o x i d a t i o n  tube.  Frequent  c l eanou t  

The o x i d a t i o n  and c o l l e c t i o n  tubes  w e r e  made of s i l i ca  glass. 
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Fig.  7. Product  of t h e  I r i d i u m  P i i r i f i c a t i o n  F rocess .  ( a )  +&mesh 
L r Q 2  powder as prepared ,  (b)  +4O-mesh IrQ2 d e p o s i t  as prepared.  ( c )  
-40-mesh i r i d i u m  powder reduced from a c i d - t r e a t e d  I r O ? .  Pressed-and- 
s i n t e r e d  p u r i f i e d  i r i d i u m  compacts w e r e  s i m i l a r  i.n appearance t o  t h e  
impure compact shown i n  Fig.  4 .  

of t h e  c o l l e c t i o n  tubes  w a s  necessa ry  t o  minimize t h i s  problem, even 
though only  1.0 t o  20 g IrOJday was being ob ta ined  from a s i n g l e  tube .  

The hard  c r y s t a l l i n e  I r O 2  d e p o s i t ,  which adhered t o  t h e  bottom end 
of t h e  c o l l e c t i o n  tubes ,  could never  b e  completely removed by mechanical  
m e a n s .  T h i s  d e p o s i t  caused c racks  i.n t h e  c o l l e c t i o n  tube. ,  which e v e n t u a l l y  
r e s u l t e d  i n  a broken tube .  Broken p i e c e s  wi th  adher ing  Ir02 had t o  be  
p laced  i n  h y d r o f l u o r i c  a c i d  u n t i l  t h e  two materials sepa ra t ed .  Although 
s i l i c a  g l a s s  t ubes  w e r e  s u b j e c t  t o  breakage ,  adher ing  I r O z  could be  c l e a n l y  
sepa ra t ed  by t h e  a c i d  t r ea tmen t .  

C r y s t a l l i n e  d e p o s i t s  of I r02  became c r y s t a l l i n e  masses of i r i d i u m  
when reduced w i t h  hydrogen, and were not  s u i t a b l e  f o r  b l end ing  w i t h  o t h e r  
m e t a l s ;  t h e r e f o r e ,  t h e  c r y s t a l l i n e  T r O 2  had t o  b e  crushed to  a smaller 
s i z e .  The material w a s  crushed w i t h  a hardened steel  mor ta r  and p e s t l e  
t o  pass  a 40-mesh screen, Many f i n e s  were produced by t h i s  o p e r a t i o n ,  
and much o f  the crushed material was ir<:tually -325 mesh. The fines 
r e a d i l y  became a i r b o r n e  du r ing  t h e  c rush ing  and sc reen ing  s t e p s  r e s u l t i n g  
i n  some l o s s  of material .  

water between s u c c e s s i v e  a c i d s  fol lowed by e i g h t  t o  t e n  washes a f t e r  t h e  
las t  a c i d  was l a b o r i o u s  and time-consuming. P o s s i b l y  w e  used more a c i d  
s o l u t i o n s  t h a n  w e r e  actua3.ly r e q u i r e d  e T h e  use of concen t r a t ed  s o l u t i o n s  
of n i t r i c ,  hydroch lo r i c ,  and su l fu r i c .  a c i d s  a long w i t h  h y d r o f l u o r i c  a c i d  
and aqua r e g i a  d id  not  y i e l d  g r e a t e r  p u r i t y  than  w a s  ob ta ined  i n  f e a s i b i l i t y  
experiments ,  which used only  t h e  l a t t e r  two s o l u t i o n s .  

The most :  impor tan t  problem assoc i .a ted  w i t h  t h e  p rocess  i s  t h e  low 
I r O z  p roduct ion  rate p e r  appa ra tus  ob ta ined  i n  thi .s  s t u d y ,  which w a s  

Treatment w i th  f i v e  i lcid s o l u t i o n s  wi th  f i v e  o r  more washes i n  d i s t i l l e d  



2 1  

a t t r i b u t e d  t o  p a r t i a l  s i n t e r i n g  and oxygen channel1 ing through t h e  
charge.  A d i f f e r e n t  approach is  needed t o  produce I r02 .  Perhaps a 
high-temperat u r e  flame i n  an  oxygen atmosphere d i r e c t e d  a t  a charge  of 
s c r a p ,  lumps, o r  c o a r s e  g ranu le s  would produce I r O 2  a t  a h i g h e r  r a t e  than  
was ob ta ined  i n  t h e  p re sen t  s tudy .  

SUMPlAKY AND CONCLUSLONS 

A p u r i f  i c a t i o n  process  invoIvi.ng o x i d a t i o n  of p u r e  i r i d i u m  t o  Iron 
fol lowed by chemical  d i s s o l u t i o n  of i m p u r i t i e s  from t h e  Ir02 w a s  used t o  
t rea t  about  9 .4  kg o f  m a t e r i a l .  The r e s u l . t s  of t h i s  s tudy  al.low t h e  
fo l lowing  conc lus ions  concern ing  t h e  process :  

The Ir02 producti .un ra te  a t  1100 and 1400°C decreased  wi-th t i m e  
(F ig .  6 ) .  T h e  most p robab le  f a c t o r s  caus ing  t h e  d e c r e a s e  were a dec rease  
i n  t h e  amount of charge ,  p a r t i a l .  s i n t e r i n g  of  the cha rge ,  and oxygen 
channe l l ing  through t h e  charge.  

s c r a p  than f o r  more f i n e l y  d iv ided  material  such as coa r se  g ranu le s .  

1100 t o  1 4 O O 0 C ,  b u t  t h e  f a c t o r s  mentioned above can o f f s e t  t h e  e f f e c t  
of h ighe r  tempera ture .  

t h e r e f o r e ,  oxygen f low rate should n o t  s i g n i f i  c n n t l y  a f f e c t  L r O 2  product ion  
rates, a l though some in te rdependence  w a s  observed i n  t h e  e a r l y  s t a g e s  of 
some o x i d a t i o n  runs  (F ig .  6 ) .  

The process  can produce i r i d i u m  w i t h  a minimum p u r i t y  of 99.98% 
(Table  4 ) .  

Tungsten w a s  t h e  only  element n o t  always reduced t o  the l e v e l s  
ob ta ined  i n  s m a l l e r  s c a l e  f e a s i b i l i - t y  experiments  (Table  4 ) .  

Oxidat ion  of t h e  impure i r i d ium a t  1300 t o  1400°C r e s d t e d  i n  a product  
having a p u r i t y  similar t o  t h a t  ox id i zed  a t  llOO°C (Table  4 ) .  

Approximately 96% of  t h e  material. charged i n t o  t h e  o x i d a t i o n  tubes  
was recovered as p u r i f i e d  i r i -dium o r  as incomple te ly  processed i r i d i u m  
(Table  5 ) .  Approximately 4% of t h e  charge  w a s  l o s t  d u r i n g  p rocess ing .  

exper ienced  no d i f f i c u l t i e s  t h a t  were a t t r i b u t a b l e  t o  t h e  material i t s e l f .  

The Ir02 product ion  ra te  a t  1100°C w a s  f a s t e r  -for a charge  o f  s h e e t  

The I r O z  p roduct ion  ra te  inc reased  wi th  tempera ture  over  t h e  range 

The e f f i c i e n c y  of oxygen usage was very  low ( typ ica l - ly  about  0 .03%) ) ;  

I n  p r e s s i n g ,  s i n t e r i n g ,  o r  me l t ing  o f  t h e  -4Q-mesh powder product  we 
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