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STUDY OF I R I D I U M  AND IRIDIUM-TUNGSTEN ALLOYS FOR 
SPACE RADIOISOTOPIC HEAT SOURCES 

6 .  T .  L iu  and H. Inouye 

ABSTRACT 

The phys ica l  and mechanical p r o p e r t i e s  of i r i d i u m  and 
i r id ium-tungs ten  a l l o y s  con ta in ing  up t o  4% tungs ten  have 
been eva lua ted  a s  p o t e n t i a l  c ladding  materials i n  space iso- 
t o p i c  hea t  sources .  The i r idium-tungsten a l l o y s  are r e a d i l y  
f a b r i c a b l e  and are compatible  wi th  g r a p h i t e ,  low-pressure 
oxygen, and s imula ted  h e a t  source  environments up t o  a t  least 
1300°C. 
appears  t o  b e  q u i t e  low - a t  a level of 5 ppm f o r  oxygen and 
10 ppm for carbon up t o  1300°C. 
ox ida t ion  r e s i s t a n c e  below 100O'C. No i n t e r n a l  ox ida t ion  o r  
grain-boundary p e n e t r a t i o n  has  been observed i n  t h i s  a l l o y .  
Also ,  a l l o y i n g  w i t h  2% tungs ten  raises t h e  r e c r y s t a l l i z a t i o n  
temperature  of i r i d i u m  by 400'C and r e t a r d s  t h e  g r a i n  growth 
a t  h igh  temperatures .  

were determined as a f u n c t i o n  of test temperature  up t o  
1400°C. 
and s l i g h t l y  lowers t h e  d u c t i l i t y .  The d u c t i l i t i e s  of t h e  
a l l o y s  increase s t e a d i l y  w i t h  test temperature .  I n  connect ion 
wi th  t h i s  i n c r e a s e ,  t h e  f r a c t u r e  mode changes from gra in-  
boundary s e p a r a t i o n  t o  t r a n s g r a n u l a r  f r a c t u r e  a t  temperatures  
around 800'C and f i n a l l y  t o  d u c t i l e  r u p t u r e  wi th  close t o  
100% reduct ion  i n  area above 1000°C. 
t h e  b e s t  toughness ,  because of i t s  high s t r e n g t h  and good 
d u c t i l i t y  a t  1 3 7 O O C .  
behavior  of  i r i d i u m  and i r id ium-tungs ten  a l l o y s  w e r e  found 
t o  be  very  s e n s i t i v e  t o  trace i m p u r i t i e s  w i t h  concen t r a t ions  
i n  t h e  ppm range. 

The s o l u b i l i t y  of oxygen and carbon i n  t h e  a l l o y s  

The Ir-2% W has good 

Tensile p r o p e r t i e s  of i r i d i u m  and i r idium-tungsten a l l o y s  

Alloying w i t h  tungs ten  i n c r e a s e s  t h e  y i e l d  s t r e n g t h  

The Ir-2% W a l l o y  has  

The y i e l d  s t r e n g t h  and f r a c t u r e  

INTRODUCTION 

The r a d i o i s o t o p i c  f u e l  used f o r  space  power systems must be  c l a d  
i n  a h igh ly  r e l i a b l e  material, no t  only t o  con ta in  t h e  f u e l  for normal 
ope ra t ion  f o r  s e v e r a l  y e a r s ,  b u t  a l s o  t o  s u r v i v e  p o t e n t i a l  acc iden t  con- 
d i t i o n s  such as launchpad a b o r t ,  aerodynamic h e a t i n g  on r e e n t r y ,  high- 
v e l o c i t y  impact,  and t h e  post impact  environment. Advanced h e a t  sources  
r e q u i r e  fue l -c ladding  temperatures  ranging  from 800 t o  1400'C. 
envfronment of t h e s e  h e a t  sou rces  g e n e r a l l y  c o n s i s t s  of hel ium and/or  
argon p l u s  law-pressure active gases  der ived  from decomposition of t h e  
oxide f u e l  and from t h e  ou tgass ing  of  g r a p h i t e  and i n s u l a t o r  materials. 
This environment l i m i t s  t h e  use of  r e f r a c t o r y  a l l o y s  such as niobium- 
and tantalum-base a l l o y s ,  which r e a d i l y  p i ck  up t h e  gaseous i m p u r i t i e s ,  
r e s u l t i n g  i n  s e v e r e  degrada t ion  of t h e i r  mechanical p r o p e r t i e s .  ,2 

The 
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2 

The noble  m e t a l s  are c u r r e n t l y  the  only  c ladding  materials capable  
o f  iiieeting t h e  requj-rements of advanced h e a t  sources .  :Cridium and :i.ts 
a l l o y s  appear  s u i t a b l e  f o r  s e r v i c e  up t :o  1400°C, and platinum. a l l o y s  
appear suitab1.e f o r  temperatures  between 800 and 1100°C. The a l l o y  
Ir-0.3X W i s  currently used as t h e  fue l -encapsula t ing  material i n  t h e  
nrulti-hundred-..watt (MIIFS') h e a t  source3  o p e r a t i n g  a t  1330°C. 
sei-ected as the b a s e  m a t e r i n l  because of i t s  h i g h  mel t ing  p o i n t ,  o x i d a t i o n  
r e s i s t a n c e  (below l 0 O O " C )  , and c o m p a t i b i l i t y  w i t h  Fu02 f u e l  and g r a p h i t e  
up t o  1500°C. Tungsten, a t  a level  of 0.3 w t  %, is  added i n  o r d e r  t o  
i n c r e a s e  t h e  r ec rya ta l l . i . z a t ion  temperature  and improve t h e  s h e e t  f abr-ica- 
t i n n  o f  i r i d i u m .  A d e t a i l e d  d e s c r i p t i o n  of t h e  product ion  of Ir-0.3% W 
s h e e t s  and d i s k s  f o r  f u e l  c ladding  i n  t h e  MIIW h e a t  soiirce has been  
repor ted  r e c e n t l y  by Braski  and Sehaf fhauser .  

of space r a d i o i s o t o p i c  heat-source programs sponsored by t h e  D i v i s i o n  of 
Nuclear Research and A p p l i c a t i o n s ,  Energy Research and Development 
Aduiinis t ra t ion,  w e  have been s tudying  t h e  p h y s i c a l  and mechanical prop- 
er t ies  of i r idium-tungsten a l l o y s .  The ollj ective of t h i s  s tudy  was 
t h r e e f o l d  : 

(1) To c h a r a c t e r i z e  t h e  p h y s i c a l  and mechanical p r o p e r t i e s  of 

I r id ium w a s  

A s  a p a r t  of a g e n e r a l  r e s e a r c h  and development e f f o r t  i n  sirpport 

i r i d i u m  i n  o r d e r  t o  o b t a i n  a b e t t e r  understanding of t h e  
m e t a l l u r g i c a l  f a c t o r s  c o n t r o l l i n g  t h e s e  p r o p e r t i e s .  

( 2 )  To c h a r a c t e r i z e  the Ir-Q.3% W s h e e t  material used f o r  t h e  
product ion of MHW post impact  containment s h e l l s  (PICS) f o r  
space  f l i g h t  mi.ssions. The p r o p e r t i e s  of Ir-0.3% W a l l o y  
are n o t  w e l l  c h a r a c t e r i z e d  from l o t  t o  1 o t . S  
s t u d y  emphasized t h e  de te rmina t ion  of l o t - t o - l o t  o r  h e a t -  
to-heat  v a r i a t i o n s  i.n p r o p e r t i e s  s 

f o r  fuel. e n c a p s u l a t i o n  i n  advanced h e a t  sour ' ce .~ .  

w e r e  prepared and f a b r i c a t e d  i n t o  0.05 t o  0.08-cm-thick s h e e t s .  The 
test program descr ibed  below involved the de termina t ion  of f o r m a b i l i t y ,  
r e c r y s t a l l i z a t i o n  and grain-growth behavior ,  air o x i d a t i o n ,  t e n s i l e  
p r o p e r t i e s ,  and c o m p a t i b i l i t y  w i t h  g r a p h i t e  and/or  low-pressure oxygen. 

~ h u s ,  t h i s  

( 3 )  To develop i r id ium-tungs ten  a l l o y s  w i t h  s u i t a b l e  p r o p e r t i e s  

I n  t h e  p r e s e n t  work, i r i d i u m  a l l o y s  conta.ining up t o  4% tungsteri  

ALLOY PREPARATION .WD FABRICATION 

The s t a r t i n g  materials used f o r  p r e p a r a i i o n  of i r idium and i r idium- 
tungs ten  a l l o y s  were obta ined  f r o m  d i r r e r e n t  sources  , i n c l u d i n g  t h e  U.S.  
Office o f  Emergency Preparedness  (OEP) ,  Matthey-Bishop (MB) Lnc., and 
Engelhard I n d u s e r i e s  (EL) .  The chemistry of t h e s e  mater ia ls  ( l i s t e d  
i n  Table 1 )  w a s  determined by spark-source mass-spectrome t r i c  (SSMS) 
a n a l y s i s .  

OEP Powder 

The iridium powder u s e d  t o  p r e p a r e  t he  MXW PTCS and mos t  of t h e  
i r idium-tungsten a l l o y s  WE~S obta ined  from OEP i n  40- t o  60-kg shipments.  



Table 1. Chcrnicai ana lys i sa  of i r idium and iridi.m-tungster, a l l o y s  

A i  
s 
Za 
CO 
C r  
cu 
Fe 
H f  
K 
Hg 
Mn 
No 
Hi 
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P 
Pd 
Y t  
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Si 
Sn 
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30 

0.5 70 
0.1 1 . 4  
5 30 
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3 30 
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1 5 
1 3 
0 . 3  3 
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0.1 0 . 3  
1 20 
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%3000 
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10 
1 
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5 
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8 

2 
2 

30 

50 

6 
10 

100 

20 
M 

20 

20 

2 
0.1 

0 , 1  
3 
5 
10 

0.2 
0.4 
0.1 

0.1 

0 , 1  
0.2 
1 

15 

3 
0.2 

30 
10 

1 
100 

20 

L 

2 
0.2 
i. 
6 

30 
3 

4 . 4  
6 
0 , 4  
0 . 3  
3 

1 
cG-4 

0.3 
<0.2 
1 

a . 2  
2 
20 
100 
a . 2  

3 
4.1 
G3 

3 
4000 

0 . 1  
0 . 3  

c0.1 
1 
8 

5 3 
0.5 1 

O.i 
3.1 0.1 
5 > 
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3 3 
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10 1 
1 0.3 

3.1 0 .1  

50 

20 2 
20 

5 10 

10 10 

5 

3000 %5000 
3 0.3 

<0.1 
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Carbon and vacuum fus ion  ana lys i s  

5 3 
1 
1 
9 5 

1 3 
0.2 <1 
2 5 
c.1 1 
lr: 3 
i 1 
15 10 

4 
2 6 

<0.4 <1 
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A 1 

0.1 1 
a.4 
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1 
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20 1 
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3 30 
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1 1 
3 15 
10 1 
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3 6 

<0.2 

6 

i 
11 

I 
0.2 
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6 
3 
3 

15 
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6 
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1 
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G3 

3 
>10, 000 

0.1 
1 

<O.i 
1 
5 

- r  

9 
2 
I 
8 

2 
1 
0.i 
0 . 1  
2.0 
0*3 

20 

3 
0.3 
0.1 
10 

3 

0 .5  

40 

5 
7 

30 

30 

5 
1 

i-0.1 
1 

220,  e00 

2 
1 
<i 
18 

par t s  per n i l l i o n  by weighr .  

'Matthey Bishop, Lnc. 

IWC and WG a r e  designations of iridium powder shipments of i hc  U.S. Off ice  of Emergency Preparedness. 

& S - / 4  - an Ir-O,3X W p l a t e  supplied by Errglehara Indus t r ies .  

"ED - designat ion for tha i r i d i u m  sherte prepared frolu Fatthey tiishop irirliurn powder. 

212 second l e t t e r  
r e f e r s  to the  sequence of the shipment. 

W 
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Each shipment of powder w a s  des igna ted  as WA, WB, WC, e tc . ,  where t h e  
consecut ive  a l p h a b e t i c  letters r e f e r  t o  tlie sequence of t h e  shipment of 
i r i d i u m  powder, The chemistry of WC and WG powders as l i s t e d  i n  Table 1 
shows no major d i f f e r e n c e  between them. The OEP powders are q u i t c  pu re ;  
t h e i r  t o t a l  i m p u r i t i e s  are around 300 ppm by weight a f t e r  a washing 
t rea tment .  ' 
__ MB Powder 

The chemistry of the i r i d i u m  powder purchased from Matthey Bishop, 
I n c . ,  i s  also l i s t e d  i n  Table 1. T h e  MB powder i s  r e l a t i v e l y  pure and 
c o n t a i n s  a t o t a l  of about 200 ppm t r a c e  i m p u r i t i e s ,  1-ridium s h e e t s  
prepared  from this powder are des igna ted  E E ,  

E 1  Material 

The 0.051-cm-thick i r i d i u m  sheet (S-69) and 0.32-cm-thick i r i d i u m  
(S-65) and Ir-0.3% W (S-74) p l a t e s  w e r e  purchased from Engelhard Indus- 
t r ies .  The E L  material c o n t a i n s  much h i g h e r  l e v e l s  of  i m p u r i t i e s ,  as 
shown i n  Table 1. The Ir-0.96% W (Lr-19) and I R - 1 . 9 2 %  IJ (Ir-15) a l l o y s  
w e r e  prepared from t h e  KI. material  S - 7 4 .  

Melting and C a s t i n g  

Tungsten i n  powder form ( w i t h  chemistry a l s o  T.n 'Table 1) was used 
t o  prepare  i r idium-tungsten a l l o y s  f o r  improving i t s  d i s s o l u t i o n  and 
minimizing i t s  s e g r e g a t i o n .  T h e  tungste-a powder was blended thoroughly 
w i t h  t h e  i r i d i u m  powder and cold-pressed i n t o  70 t o  150-g rectangul-ar  
compacts. The pressed  compacts were s i n t e r e d  i n  hydrogen a t  1 0 0 0 ° C  f o r  
1. h r  and i n  a vacuum a t  1 5 0 O o C  f o r  4 h r .  The s i n t e r e d  i r idium-tungsten 
compacts w e r e  then  electron-beam-melted several t i m e s  and cast i n t o  
rectangular-shaped b u t t o n s  w i t h  dimensions of 0.8 x 2.5 x 5 . 1  c m  (FCg. la) 
o r  drop cast' i n t o  rec tangular -c ross -sec t ion  i n g o t s  1 . 9 1  x 1.91  x 5.40 cm 
(Fig., 2 ) .  The 150-g a l l o y  b u t t o n s  were used f o r  i n i t i a l  a l l o y  develop- 
ment s t u d i e s ,  and t h e  400-g i n g o t s  were used f o r  t h e  scale-up s tudy.  
Table 2 l i s ts  t h e  composition and p r e p a r a t i o n  of tlie a l l o y s  st:udied. The 
h e a t  des igna ted  EBP-19  w a s  o r i g i n a l l y  prepared from pure  i r i d i u m  powder, 
however, i t s  s i n t e r e d  compacts picked up 0.09% tungs ten  dur ing  h e a t  
t rea tment  i n  a tungsten-mesh furnace  under poor vacuum c o n d i t i o n s  

MHW h e a t  source ;  t h e i r  d e ~ i a i l e d  p r e p a r a t i o n  and f a b r i c a t i o n  have been 
r e p o r t e d  by Braski  and S ~ h a f f h a u s e r . ~  The a l l o y s  conta in ing  up tlo 4% 
W w2re processed i n t o  s h e e t s .  A l l o y s  w i t h  more than 4% W were n o t  
processed because of t h e i r  poor o x i d a t i o n  r e s i s t a n c e  and t e n s i l e  
d u c t i l i t y .  

Pa) .  The Ir-0.3% W s h e e t s  are t h e  c u r r e n t  P I C S  material  f o r  t h e  
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P i g .  2 .  Electt-on-”bea~-mclIi~.:E and drop- cas^ 1~1.92% W a l l o y  i n g o t  
and head, and f a b r i c a t e d  sheet. 

She c t Pah r :i. c a t iori . . . . .. . . .. .. . . .______. . . . 

The as-cast a l - l n y  b u t t o n s  o r  ingots v e ~ e  f L r s t  cleaned i n  a s o l u t i o n  
of aqua r e g i a  p lus  15%. IIP’ s o l u t i o n  f g ) r  about  30 r a i n  a d  wpre n ~ ~ t  c l a d  
i n  molybdenum jackets  and sea led  by e l e c t r o n  beam w d d i n g .  Tine assenfilies 
W B T ~  then r o l l e d  between 1200 and 1300°C undcr a p a r t i a l  argon atmosphe~e 
w i t h  PO l o  1 5 %  reduc t ion  p e r  pass an3 an 5- t o  10-min r e h c a t i n g  per iod.  
!lot r o l l i n g  was s t o p p e d  after 65% reduct ion ,  and  he p l a t e s  (ahoiit 0.25 em 
t h i c k )  ~7ere cleaned e l e c t r o l y t i c a l l y  i n  KCN s o l u t i o n .  F igure  1 shoi*rS t h ~  
a l l o y  bu t tons  c l a d  i n  t he  molybdrnuiii f r a m e  znd shows t h c  01 1oy p l a t e s  
af te r  breakdown r o l l i n g -  13le a l l o y  plates exhibiLed a lumpy surface 
eharactF.1-i ? t i c  of a h i g h l y  d e f m m ~ d  grain st r ixc i  UI-e b d t  110 edge o r  
sixface cracks  were obsr rvcd-  

vacuum bPtween 1200 and 1400°C f o r  1 I I T .  
were trrappcd i n  a l o o s e - r i t t i n g  mrolybdenrirn cover s h e e t  and rollrd t o  0.6- 
t o  0.8-mu-thick s h e e t s  bztwem 900 and 1100°C. f ic  h i g h e r  r o l l i n g  and 
heat t r e a t m e n t  temperatures  were used f o r  t h e  
tungsten con ten t s .  The F iiiished ii-i d i i m  ;ungs 
froin the molybdeninrii Cover s h e e t  and a g a i n  c1caaed c1Pc:roPyticall.y. The 
f i n i s h e d  shee ts  g e n e r d l y  exl”li_hi. ted some ainoL edge cracks,  t h r i r  nmber 
and degree i n c r e a s i n g  with tuiigsLo!~ concents above 22.  Yigbice 2 shmjs the 
goo? q u a l i t y  o f  Ir-1.927: W ahec t  rabricated from a dr-ol~-c.z,st inpoi . 

A F k e r  breakdovii r o l l i n g ,  t h e  a l l o y  p l a t e s  werc r e . ’ i y s t a l l i z e d  i ii ci 

Thz r e c r y s t a l l i z e d  p la tes  





The iridium-Cungsten a l l o y  sheets were chemical ly  analyzed by 
v a r i o u s  i i ~ ?  tho& af ter be ing  r e c r y s % a l l i z e d  a t  1500°C f o r  1 hr . Atomic 
a b s o r p t l o n  a n a l y s i s  Lnd:I c a t e d  t h a t  sheets L r - 1 5  and -39 contaitaed I. 91% 
t.ungst:cirr, which is  very close t o  the nominaP conten t  of 1 . 9 2 %  GJ. The 
SSMS a n a l y s i s  i n  Table 1 shows t h a t  t h e  Cootal trace i m p u r i t i e s  i n  a l l o y  
sheets are l o w e r  than  those in t h e i r  start i.ng raate-r ta ls i n d i c a t i n g  
p u r i f i c a t i o n  of iri.diutn by electron-beam m.el.ting. The. i.snpurity content 
i n  the a l l o y  s h e e t s  prepared from QEP and M 3  i r i d i u m  powders is  d is -  
t i n c t l y  lower Khan that: i n  the s h e e t s  produced from t h e  E1 mater ia l .  
The interstitial content  i n  these electron-benm-welted akloys  i.s q u i t e  
low, as . i ; h ~ ~ m  i n  Table 1. The oxygen and carbon c o n t e n t s  are I,ess than  
10 and 20 ppmE respec.ti:vely, and the hydrogen and nitrogen c o n t e n t s  are 
n e g l i g i b l e .  

Fo n i n g  

The Ir-1.92% W sheets produced :Et-om drop-cast  i n g o t s  Ir-38 and -39 
were f a b r i c a t e d  i n t o  hemispheres and capsule  assemblies  to demonstrate  t h e  
fabr icabi . l . i ty  of Fridium-tungsten alloys. Pour d-isks cut from the 
s h e e t s  by Elox e lec t r ica l  d i s c h a r g e  machining and ground t o  t h e  f i n a l  
dimensions, 6.03 m i n  diaieter  by 0.0645 c m  t h i c k  (Fig.  3) .  Dye 
p e n e t r a t i o n  and u l t r a s o n i c  i n s p e c t i o n  of t h e  disk-s showed no areas of non- 
bond such as 1aniFnat:i.ons n r  poros:it:i.~i!s. The d i s k s  .rere h e a t  t reated 
f o r  1 h r  a t  1150°C and f o m e d  s u c c e s s f u l l y  at 800°C al; Mound TAaboratory.6 

chick f o r  c a p s u l e  Eabr:i.catkon * Rectangular b lanks  were c u t  :From the 
shee t  s tock  and formed over a m a r r d r e l  t o  r i g h t  c i r c u l a r  cyI.i.nders. The. 
b lanks  cracked during cold-forming b u t  formed r e a d i l y  over  t h e  mandrel 
when heated with a torch i n  t h e  range o f  600 t o  800°C. 'The warn-formed 
c y l i n d e r s  were then electron-beam-welded and ground t o  f ina l .  dimensions , 
1.407 m o u t s i d e  diameter  by 2,159 cm long by 0.0381 c m  t h i c k .  Di sk . s  and 
end l i d s  w e r e  stamped d i r e c t l y  f rom the sheet s t o c k .  The fou r  c o m p l e t e  
sets (3.f capsules  dgl.iwered t o  Donald W. Dougl.as Laboratory are shown i n  
F i g .  4 -  

A part of the a l l o y  s h e e t  w a s  f u r t h e r  r o l l e d  from 0.081 t o  0.058 cm 

The i r idium-tungsten s h e e t s  produced by w a r n  r o l l i n g  between 900 
and PIOO°C had e s s e n t i a l l y  a f i b r o u s  s t r i l c t u r e  (Fig.  5 ) .  A few smll 
r e c r y s t a i l i z r d  g r a i n s  were occasi-onally observed i n  i r i d i u m  containing 
less than 0 . 3 X  W. The s h e e t  specirneiis of iridi-ma-tungsten a l l o y s  were 
heat trested i n  vacuum f o r  1 h r  a t  temperatures  between 700 and 1600°C 
to s tudy  t h ~ i r  v e c r y s t a l l i  z a t i o n  and grain.-growch behavior .  'The 
r e c r y s t a l l i z a t i o n  temperatures  (TR) were determined m e t a l l o g r a p h i c a l l y  
and t h e  r e s u l t s  were presented  i n  Fig. 6 as a functLan of tungs ten  
content: e %ea3rystai.li.ji,at:i.on o f  una9.l.oyed ir-tdium (EBP-21) s tar ts  a t  
800°C and is complete a t  950°C. The recrystall.iaatic:jI1 %eiispv.r;it~.~sr, 
i n c r e a s e s  s h a r p l y  w i t h  tungs ten  conten t  up t o  1% and PiloderaLely w i t h  
tungs ten  content: between 1 and 2Xm Alloying, ~~7ri.t.h 2% W raise:; th:? 



9 

F ig .  3 .  Four Ir-1.92X W d i sks  wi th  dimensions 0.0645 cm t h i c k  x 4.03 
c m  i n  diameter, 

recrystallization t empera ture  by approximately 400°C. 
increase i n  r e c r y s t a l l i z a t l o n  tempera ture  i s  observed a t  'nigher tungs t en  
levels. Figure 5 shows t h e  recryst.allized m i c r o s t r u c t u r e  a€ the  i.ridium- 
tungs t en  a l l o y s "  
r epor t ed7  phase diagram, w l i i d l  i n d i c a t e s  t h a t  the maximurn  of t ungs t en  
s o l u b i l i t y  i n  i r i d ium i s  more than 10% below 1C30OuC., T a b l e  3 summarizes 
the grain-growth d a t a  of the i r id ium-tungs ten  a l loys  h'lloyi ng with 
0.32 W o r  more effectively i n h i b i t e d  g ra in  growth a t  h i g h  tempera tures .  
For example, the g r a i n  s i z e ,  after annea l ing  f o r  i h r  a t  1600'6, was 
reduced from hST%f g r a i n  s i z e  1 t o  3-4 when i r i d i u m  was a l h p d  w i t h  
0.3% w. 

As indicated i n  F ig .  5c, annealing at 1500°C f o r  1 hr produced a 
uniform g r a i n  s t r u c t u r e  wi th  ASTM g r a i n  s i z e  No. 4-5 in the Pr-O.3% W 
sheet TJC-4. However, huge g r a i n s  wi th  ASTM N o ,  1-2 have been observe 
f r equen t ly  in rr-0.3% W PIGS produced from c e r t a i n  l o t s  (Ear exampl.e, 
lot WE) af ter  a f i n a l  anneal. f o r  I h r  a t  1 5 O O " C .  The p o s s t b l e  causes 
of t h e  l a r g e  grains are (1) csitrical s t r a i n  induced ion fomitlg the blank 
i n t o  a hemisphere,  (2 )  i n t e rmed ia t e  annea l  a t  1050 t o  1875"6, (-31 defor-  
mation due t o  mishandl ing the hemisphere, and ( 4 )  i n s t a b i l i t y  of grain 
boundar ies  a t  high tempera ture  I 

However, no f u r t h e r  

A l l  a l l ~ p  w e r e  s i n g l e  phased, i n  agreriirent with the 
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... 

Y 121 527 

F i g .  4 ,  Four seis oE capsules  fabr icaLed Erorn I.r--B.92% 'IJ s h e e t .  

To explore  t h e s e  p o s s i 3 i l i t i . e ~  
rejected blank,  ME-22. The specimens were f irst  annealed f a r  1 hr  i n  
the kmperatux'c: r m g e  1140 to 1350'C and i:laen realinealed 1 h r  a t  1..500°C. 
Metal lographic  examinati.on i.nt2icate.s t h a t  t h e  specimens with o r  without  
iar:r:riuediate anneal ~ showed some degree o f  a3normal g r a i n  growth a f t e r  
I:he f i n a l  aranc?:iI o f  1 hr a t  1.500°C. 'The ahnormal g ra ins  appear  as 
patches scattered i n  the base g r a i n  s t ructure .  Becai.ise abnormal. g r a i n  
growkh has been observed i:rn the blank.  nritsrial, i n d i c a t i o n  i s  that t;he 
deformation or  R r r a i n  due t o  hemisphere forriling or lmishandling has  
noth ing  t o  do w i t h  L b i s  abnormal growth. Furtherrrwre, in order tc9 

determine the e f f e c t  of t h e  i.nt:errne.diate annea l  on the degree of abnormal 
g r a i n  g r n w ~ h  t;he g r a i n  s i z e  d i s  tributitrn i n  these specimens was analyzed 

5trip specimens w e r e  p repa red  from a 
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F i g .  5 .  P l o t  of recrystallizatlon temperatures as a f u n c t i o n  of  
tungsten content i n  iridium-tungsten a l l o y s .  

Table 3.  E f f e c t  o f  I--hr heat treatment on  grain-growth behavior  
of i r i d i u m - t u n g s t e n  a l l o y s  

..l.l-ll__.l.. .-..-I__.... . . 

AS'i'M g r a i n  s i z e  number 

Annealing OX 0.0976 W 0.3% W 0.96% W 1 . 9 2 %  IJ 3.84% W 
... T ernp era t u  r e 

(C" 1 EKP-21 EBP-21 wc-4 i r - 1 9  I r -38  11:-29 

1200 3- 4 5-6 6- 7 a a a 

1400 2 3 5- 6 6 6 6- 7 

1.500 1- 2 1- 2 4-5 5 5-6 5- 6 

1600 1 I-- 2 3-4 4 4 4-5 

a: Not c o n i p k t e l y  recrystallized, 
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a Table 4 .  E f f e c t  of i n t e rmed ia t e  annea l  on t h g  abnormal g r a i n  growth 
-in LTE-22 specimens a t  1500QC 

~~ 

In t e rmed ia t e  t l i s t r i bu t ion  of AS'LTYI grain s i z e  ( X )  
-.- cx. annea l  temperature  

("c> No. 6' No.  5 No. 4 No. 3 No. 2 No. 1 

d 

1175  

12.50 

1300 

22 34 18 18 7 1 

23 3 2  24 14 4 3 

16 31 27 20 5 3. 

1 9  33 20 23 4 3. 

(z For 1 hu i n  vacuum. 

bFor 1-hr annea l  a t  1 5 O O * C .  

"No in t e rmed ia t e  annea l .  

c Grain s i z e  equa l  ta o r  smaller than  XSTN g r a i n  s i z e  6 .  

i m p u r i t i e s  o r  c o a t i n g  w i t h  oxides  du r ing  PICS f a b r i c a t i o n  may a f f e c t  
c o m p a t i b i l i t y  w i th  PuO2 f u e l  o r  cause plugging of t h e  ven t  f o r  hel ium 
release dur ing  long-term o p e r a t i o n  a t  1 3 3 O 0 C ,  The hemispheres produced 
by t h e  Engelhard Cndustr ies  process  (EI-46, -52) showed a black  coa t ing  
on t h e  i n n e r  s u r f a c e ,  whereas t h e  henlisphere produced by t h e  ORNL/Mound 
process  (WC-3) was b r i g h t  on both  s u r f a c e s .  Sec t ions  of t h e  hemispheres 
were  h e a t  t r e a t e d  in a vacuum a t  900, 1100, 1300, and 1500OC f o r  1 h r .  
A s e c t i o n  of the ET.-52 hemisphere was soaked i n  h o t  H F  f o r  4 h r  followed 
by u l t r a s a n i c  c l e a n i n g  p r i o r  t o  vacuum annea l  a t  1500°C. This  t rea tment  
is used t o  c l e a n  t h e  s e c t i o n e d  hemisphere at Mound Laboratory.  

y i e l d  s t r e n g t h ,  and m i c r o s t r u c t u r e  of the hemisphere s e c t i o n s  produced 
by t h e  two d i f f e r e n t  processes .  The products  are no tab ly  d i f f e r e n t  i n  
t h e  fo l lowing  a s p e c t s .  

Table  5 summarizes t h e  e f f e c t  of t h e  vacuum annea l s  on t h e  hardness ,  

1. The hardness  and y i e l d  s t r e n g t h  of  WC-3 are g r e a t e r  than f o r  

2. The hardness  and y i e l d  s t r e n g t h  of t h e  El product  are 
EI-46 i n  t h e  a s - f a b r i c a t e d  cond i t ion  and a f t e r  a 900°C annea l .  

greater :  than f o r  t h e  ORNLjMound product  f o r  annea l s  above 
1100°C. 

3.  A duplex  s t r u c t u r e  c h a r a c t e r i z e d  by a band a t  t h e  s u r f a c e  
(0.008 t o  0.0013 cm t h i c k )  i s  observed i n  t h e  E l  p roduct  
(Fig.  7 a ) ,  whereas t h e  ORNL/Mound product  shows a uniform 
g r a i n  s t r u c t u r e  (Fig.  7b) .  
The 100% r e c r y s t a l l i z a t i o n  tempera ture  of t h e  OIWZ/Mound product  
is  between 900°C and l100"C. 
t u r e  f o r  t h e  E1 product  is not w e l l  def ined  due t o  t h e  duplex 
s t r u c t u r e  bu t  is  es t ima ted  t o  be between 1100 and 1300°C. 

4 .  
A 1002 r e c r y s t a l l i z a t i o n  tempera- 
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Fig. 7. Microstructure of Ir-0.3Z 1J hemispheres produced ac ORNL/ 
Mound (WC-3) and Engelhard Industries (EX-46) .  Heat treatment: 1 hr 
at 1300°C; 1 0 0 ~ .  (a> EI-46:  duplex grain s t r u c t u r e ;  ( b )  WC-3: uniform 
grain s t r u c t u r e .  
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Table 6 compares t h e  i n t e r s t i t i a l  conten t  of t h e  i r i d i u m  specimens 
processed by the iuethods mentioned above. For a l l  comparable coi idi t ions,  
t h e  ORNL/Nound product  conta ins  signiEi.cant1.y less oxygen than  t h e  E 1  
p roduct .  A c o n s i s t e n t  decrease  i n  t h e  oxygen content  wi th  increased  
annea l ing  temperature  w a s  observed in t h e  E 1  pruduc'c, whereas no f u r t h e r  
improvement occurred i n  t h e  OKM/Mound product  i n  annea ls  above 900°C: - 
a f t e r  t h e  v a r i o u s  t rea tments .  "he r e s u l t s  i n d i c a t e  t h a t  n e i t h e r  t h e  
annea l ing  temperature  nor p r i o r  chemical t rea tment  had a s i g n i f i c a n t  
e f f e c t  on t h e  level  of trace i m p u r i t i e s .  Based on t h e  r e s u l t s  o f  t h i s  
series of  tests, recommendation i s  t h a t  a n n e a l i n g  temperatures  no h i g h e r  
than  t h a t  r e q u i r e d  f o r  s t r u c t u r a l  c o n t r o l  b e  employed, inasmuch as no 
s i g n i f i c a n t  improvement i n  t h e  c leanness  of t h e  s u r f a c e  r e s u l t s  f r ' r s m  
excessive temperatures .  

The i n n e r  s u r f a c e s  of  t h e  i r i d i u m  hemisphere were analyzed by SSMS 

Table  6. E C E e c t  of 1-hr vacuum annea l ing  om i n t e r s t i t i a l  
conten t  of Ir-0.3% W hemispheres 

Hemisphere 
number 

Annealing 
temperature  

(C") 

~ I n t e r s t i t i a l  c o n t e n t  (ppmj __ 
0 N H 

b EI-46a As f a b r i c a t e d  

900 

1100 

1300 

1500 

EI-52C 1500d 

wc-3" As f a b r i c a t e d  f 
90 0 

1100 

1300 

32  

29 

16  

15 

1.0 

9 
9 

4 

5 

4 

a A h a l f  of Engelhard hemisphere ( l o t  4 6 )  rece ived  from Mound 
Laboratory.  

A4 b l a c k  c o a t i n g  was on t h e  i n n e r  s u r f a c e .  b 

e An Engelhard hemisphere (lot 52)  recei.ved froa ?.lounJ. Laboratory.  

'four-hour soak i n  150°F MF p l u s  u l t r a s o n i c  c l e a n  p1.11s I-hs vacuum 

e 

fHoth i n n e r  and o u t e r  s u r f a c e s  were b r i g h t  and c l ean .  

annea l  a t  1500°C (performed by Mound Laboratory) .  

A h a l f  o f  OWL 1.r-0.3% W hemisphere r e c e i v e d  from Mound Laboratory.  
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TENSILE PROPERTIES 

Tensile specimens wi th  a gage s e c t i o n  0.318 c m  wide by 1 . 3  c m  long  
were blanked from 0.05- t o  0.08-cm-thick s h e e t s  t o  determine t e n s i l e  
p r o p e r t i e s .  
paper ,  p i ck led  i n  an  aqua r e g i a  p l u s  h y d r o f l u o r i c  a c i d  s o l u t i o n ,  then 
hea t  t r e a t e d  i n  a vacuum. T e n s i l e  specimens t e s t e d  above room tempera- 
t u r e  w e r e  hea t ed  by  r a d i a t i o n  from an i n d u c t i v e l y  hea ted  tantalum 
suscep to r  under a vacuum of less than 1 x Pa. A p la t inum vs Pt-10% 
R h  thermocouple c e n t r a l l y  l o c a t e d  on t h e  specimen monitored t h e  tempera- 
t u r e .  A f t e r  a 10- t o  15-min ho ld ing  t i m e  a t  t h e  test temperature ,  t h e  
specimens w e r e  p u l l e d  on an I n s t r o n  machine a t  a s t r a i n  rate of 0.13 t o  
0 .51  cm/min. 

The blanked specimens were po l i shed  on 400-A s i l i c o n  ca rb ide  

Tensile P r o p e r t i e s  of I r i d i u m  Sheets  

T e n s i l e  p r o p e r t i e s  of i r i d i u m  s h e e t s  produced by ORNL, and Engelhard 
I n d u s t r i e s  w e r e  determined as a f u n c t i o n  of test temperature  and h e a t  
t reatment . .  Table 7 p r e s e n t s  t h e  t e n s i l e  p r o p e r t i e s  of EB i r i d i u m  
annealed a t  d i f f e r e n t  cond i t ions .  The specimens i n  t h e  a s - r o l l e d  condi- 
t i o n  had high s t r e n g t h  and l o w  d u c t i l i t y .  
p r o p e r t i e s  w a s  noted i n  specimens taken l o n g i t u d i n a l l y  o r  t r a n s v e r s e l y  t o  
t h e  f i n a l  r o l l i n g  direction of t h e  s h e e t .  With i n c r e a s i n g  annea l ing  
tempera ture ,  t h e  s t r e n g t h  decreased ,  and t h e  d u c t i l i t y  i nc reased .  The 
p r e c i p i t o u s  change i n  t h e  tens i le  p r o p e r t i e s  between t h e  specimens t h a t  
w e r e  h e a t  t r e a t e d  a t  1100 and 1 3 O O 0 C  is a t t r i b u t e d  t o  r e c r y s t a l l i z a t i o n .  

No s i g n i f i c a n t  d i f f e r e n c e  i n  

Table  7. E f f e c t  of h e a t  t r ea tmen t  on t h e  room-temperature 
t e n s i l e  p r o p e r t i e s  of i r i d i u m  s h e e t  EB a 

b H e a t  t r ea tmen t  
S t r e n g t h  ( p s i ) @  Elongat ion 

0.2% o f f s e t  T e n s i l e  (%> 

A s  r o l l e d  148,700 164,000 2.0 

As r o l l e d  ( t r a n s v e r s e )  156,000 164,500 2.2 

1 h r  a t  1100°C 117 y 000 190,700 10.8 

1 h r  a t  1500°C 9,500 57,000 10.9 

1 br a t  1300°C 14,600 70,900 12 .6  
d 

%ested a t  a crosshead speed of 0.05 iri . /min. 

bAnnealed i n  a vacuum; a l l  specimens l o n g i t u d i n a l  except  as noted .  
e 

d 
1 p s i  = 6.89 x l o 3  Pa.  

hverage  of two specimens. 



Most t e n s i l e  da.ta were obta ined  from t h e  specimens r e c r y s t a l l i z e d  
1 h r  a t  1500°C. 
test tempera ture  up t o  1370'C. The t e n s i l e  p r o p e r t i e s  of i r i d i u m  are 
s e n s i t i v e  t o  t r a c e  i m p u r i t i e s  exi.s Ling i n  v a r i o u s  s h e e t s .  Shee t s  EBP-21 
and EB,  produced by rlectxon-beam melti.iig a t  OWL, had a low y i e l d  
s t r e n g t h  (o. ) of 55.1 f r o  68.9 m a  [ 8  t o  10 ( k s i ) ]  a t  room temperature,  
whereas theYEI s h e e t s  S-65, -69 ( con ta in ing  h ighe r  l e v e l s  of i m p u r i t i e s )  
had oy af  1 1 7 . 1  t o  1 7 2 . 3  PPa. (17 to 25 k s i )  , which i s  more than twice 
the v a l u e  f o r  t h e  ORNL sheets. A l s o ,  i n  c o n t r a s t  t o  t h e  E l  s h e e t s ,  t he  
u of t h e  O W  sheets i s  i-ndependent of  test tempera ture  up t o  llOOo@, 

hardening  rates a t  a l l  test tempera tures ,  These rates r e s u l t  i n  a 
t e n s i l e  stress that is  h i g h e r  than  i t s  LC by 300 to  500%. The t e n s i l e  
s t r e n g t h  i n c r e a s e s  w i t h  tempera ture  up t o  about 600°C; beyond t h a t  
temperattnre i t  dec reases  s t e e p l y .  The d u c t i l i t y  of i r i d i u m  s h e e t s  
i n c r e a s e s  s t e a d i l y  w i t h  test temperature up to 1.10O0C an-d then remains 
re la t ive1 .y  c o n s t a n t *  

scanning  e l e c t r o n  microscopy t o  s t:utly t h e i r  f r a c t u r e  bebav:i.irr. The 
f r a c t u r e  mode of  ir idium. is  ve ry  s e n s i t i v e  'ro test: temperature and 
trace i m p u r i t i e s  i n  va r ious  sheets. The ORNL s h e e t s  fractured mainly 
by an  i n t e r g r a n u l a r  mode at t empera tures  up t o  650°C and s t a r t e d  'io 
e x h i b i t  a mixed mode of g r a i n  boundary separat::i.on (GBS) and t r a n s g r a n u l a r  
f r a c t u r e  ('TF) a t  760°C. T'ne E i  s h e e t s  e x h i b i t e d  a inixed f r a c t u r e  illode as 
low as 500°C and e s s e n t i a l l y  a TF w i t h  a h igh  degree  of secondary cracks 
a t  650°C. These obse rva t ions  suggest t h a t  E 1  n m t e r i a l  is znore r e s i s t an t :  
t o  bri t t1.e GBS fracture. Figure  3 compares t h e  f r a c t u r e  modes o f  E:C and 
ORNL materials a t  760°C. The dimple-type f s a c t u r e  generid-ly a s s o c i a t e d  
w i t h  d u c t i l e  ruptcire is n o t  observed on t h e  TF surfaces; i n s t e a d ,  t h e  
f r a c t u r e  s u r f a c e  e x h i b i t s  contoured s t e p s  t y p i c a l  of a c leavage  f r a c t u r e  
It should  b e  noted t h a t  i r i d 1 . m  is  only  one of the  f c c  metals t h a t  
e x h i b i t s  a cleavage-.t:ype f r a c t u r e  at. t h e s e  tempera tures .  A l l  s h e e t s ,  
whether E l  o r  ORPJL, e x h i b i t e d  d u c t i l e  r u p t u r e  at 1093 t o  137OOC. I n  
f a c t ,  s h e e t  specime-ms necked t o  k n i f e  edge and frar: ture.d wi.t:'rs. cl.ose t o  
100% r e d u c t i o n  i n  area. 

a set  of S-69 specimens were hea ted  i n  a vacuum f o r  5 inin a t  2000°C 
a f t e r  r e c r y s t a l l i z a t i o n  f o r  l iir at; 1500°C. The r e s u l t s  ob ta ined  a t  
va r ious  tempera tures  are presented i n  Table 8. Comparison o f  t h e  t e n s i l e  
d a t a  i n  T a b l e  8 and F i g .  8 i n d i c a t e s  t:hat t h e  h e a t  p u l s e  lowers t h e  0 

cons ide rab ly  b u t  does n o t  a f f e c t  t h e  t e n s i l e  s t r e n g t h  and d u c t i l i t y .  
The lower ing  i n  y i e l d  s t r e n g t h  is  appa ren t ly  due t o  t h e  coarsentng  of 
g r a i n  s t r u c t u r e  a t  2000°C. 

These r e s u l t s  are p r e s s n t e d  i n  F ig .  8 as a fi_mct:ion of  

The s t r e s s - s t r a i n  curves  of i r i d i u m  exhibii: unusua l ly  1i:i.gh work 
Y 

Y 

Broken te!nsil.e specimens were examined by o p t i c a l  microscopy and/or 

To s tudy  t h e  e f f e c t s  of r e e n t r y  h e a t i n g  on t h e  t e n s i l e  p r o p e r t i e s ,  

Y 

..... T e n s i l e  .- P r o p e r t i e s  ......._.I..~._ _.._.. of Iridium-O.-?% ._ l___l_ Tungsten ........ Alloy Shee ts  

'1%~ r-c-O.3X Inl a l l o y  is t h e  c u r r e n t  r ICS material f o r  t h e  MiW h e a t  
sou rce ;  i ts  tensile p r o p e r t i e s  hawe been c h a r a c t e r i z e d  exkennively w i t h  
emphasis on l o t - t o - l o t  and hea t - - to-hea t  v a r i a t f  ofis. 
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Fig. 8. Plot of tensi le  properties as a function o f  test temperature 
for var ious  iridium sheets I) (a) Yield  arid t ens i le  strength; ( b )  Elongation. 
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F i g .  9 .  Scanning e lec t ron  microscope Fractographs of O W  iridium 
and E1 iridium specimens broken in tension at 76OoC;  300x. 
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a T a b l e  8 a Terisi1.c p r o p e r t i e s  of $69 sheet specimens annealcd 
5 min a t  2 O U O O C  af ter  r e c r y s t a l l i z a t i o n  f o r  1 hr at I T ~ O O ” C  

~.. . I.-..- __I__ 

Tes t ing  
temp era t u r e  
(“a 

b S t r e n g t h  ( p s i )  
Y i e l d  T e n s  i.le 

Room 

5 00 

760 

1093 

1315 

l 2 , 5 0 8  46,100 

1 7  800 61,200 

11,liao 57,000 

8,500 3 2 ,  000 

.LO, 500 23,QOO 

8 . 5  

1 7 . 8  

24.3 

36.2 

3 3 , 7  

“Tested i n  vacuum a t  a crosshead speed of 8.05 in./min, 
b 1. p s i  = 6.89 x l o 3  Pa.  

A f i r s t  series of Ir-0.3% W sheet specimens w e r e  annealed f o r  1 5  m i n  
between 858 and LOOO’C arid tlrieri tcstetl at room &t::mperaturr arid a t  800°C 
t o  determine the  optimum h e a t  t r ea tmen t  c o n d i t i o n  f o r  forming Ir-0.3% W 
d i s k s  a t  Mound Labora to r i e s .  Table  9 shows the t e n s i l e  resu.lt.s f o r  
l o t s  WB-1 and W C - 3  t o  -11, The W C - 4  s h e e t  annealed a t  850°C had l o w  
d u c t i l i t y  b u t  h igh  s t r e n g t h  a t  room tempera ture .  For t h e  speeimens 
t e s t e d  a t  800’6, t h e  s t r e n g t h  dec reases  and ductl”.lity i.ncl-eases wl-.th 
annea l ing  temperature .  The v a r i a t i o n  in p r o p e r t i e s  f r ~ m  h e a t  t o  h e a t  is 
i n s i g n i f i c a n t  II as i n d i c a t e d  I n  Table  Ea. A l l  the annealed specimens 
e x h i b i t e d  some degree  of necking a t  800°C. 

t r ea tmen t  f o r  1 h r  a t  1500°C, Table  18 summarizes the r e s u l t s  from 
OKNL and EI ( S - 7 4 ,  EI-114) materials. The s t r e s s - s m a i n  curvcs rsE 
W C - 4  specimens w e r e  c a l c u l a t e d  and are shown i n  P i g .  10, 
a l l o y  e x h i b i t s  a l o w  y i e l d i n g  b u t  a h igh  work-hardening rate at :  t h e s e  
tempera tures .  The hardening  rate dec reases  wi th  test  tempera ture ;  
however, t h e  t ens i l e - to -y ie ld - s t r eng th  r a t i o  remains as h i g h  as 4.7 at 
1370°C. Discont inuous y i e l d  and s e r r a t e d  p l a s t i c  flow are not  observed 
on t h e s e  cu rves ,  i n d i c a t i n g  ZQW impur i ty  i n  these electron-8,r..a~-rne9ted 
QEP h e a t s .  The specimen € r a c t u r e d  wi thou t  necking a t  room t empera ture ,  
s t a r t e d  to show necking a t  760’C, and necked s i g n i f i c a n t l y  a t  1.!393 
and 1370°C. 

are p resen ted  i n  P ig .  11 as a f u n c t i o n  of test  temperature. ‘file 
d u c t i l i t y  of  t h e  s h e e t s  increases wi th  test tempera ture ,  APk t h e  sheeLs 
had about 13% e longat ion  a t  r o o m  tempera ture  arid more than 50% elonga- 
t i o n  at temperatures  of 1093°C and above. The y i e l d  stsengt.h o f  the 
Ir-0.3X W i s  low and i s  s l i g h t l y  dependenr an t h e  t e s t  temperatures  ; 
however, t h e  t e n s i l e  s t r e n g t h  decreases s h a r p l y  above 760°C All of 
t h e  s h e e t s  e x h i b i t e d  tensile s t r e n g t h s  between 165.4 mtl 179.1 M[Pn 

Most t e n s i l e  d a t a  w e r e  ob ta ined  a f t e r  a s t anda rd  r e c r y s t a l l i z a t i o n  

T h e  Xr-0.3X W 

The t e n s i l e  d a t a  of  Lr-0.3% t4 sheets prepared from the OEP powders 



2 2  

800 C 

A s  r o l l e d  \JC- h 139.0 145.0 3 .4  

850 ?K - 3 123.0 1.37.0 5 - 4. 

TiJc:. /t 133.0 141.0 4 I 3 

IJC-11 126.0 136.0 .a 

e 

d 

16 

d 

9 5 3  \.Ir,-& 110.2  130.7 6 . 1  l? 

1000 yc - 4 73.0 91.3  10 - 0 2 1. 
. . . . . . . - - - ~ _.._..._.._...... __ .................. . . . . . . . .. . . 

Tested i n  a vacuuiir a t  a crosshead speed of 0.05  in.!min. 

1. k s i  = 6.89 ma. 

a 

b 

No-< measured. d 
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__. ........... 

H e a t  
xo. 

W C - 4  
WCR-93 
W- I. 
WE- 3 
:mR- 9 4  
wc-- 20 2 
3-74 
er-1 I.&-!: 

wc-4 
WC K-- 93 
WE-1 

W%R.- 9 + 
vc- 2 0 2 
s.-.7/4 

EI-114-C 

uc.-4 
WCR- 9 3 
VI)-1 
WE-3 
WR-94  
W G -  2 0 2 
S-74 
El.-11 &e 

wc-4 
WC-3 
NII-I. 
wc-11 
s - 7 4  

for 1 h r  a t  151N"C 
................ ~ ~ ............ .- ...................... 

...... 

13.4 
12.3 
1 3 . 0  
1.3" I 
l i - 4  
I I . .  8 
16.. 0 
1 3 . 3  

12 .0  
9.5 

1.0.7 

9 .  6 
i . (4 
15.2 
18.6  

7.5 
8.9  
9.3 

1.1.. 0 
8.6 
6.8 
6.0 
S . 4  

7 . 3  
63.5 
0.  6 
7 . 9 

6.7 
17.0 
1.u. 5 

4 . 5  
5 * 5  
5 . 1  
4.9 

10.5 

5.2 
5 . 0  
3.8 
7.9 
6.1 
5 " 6  

LO, 3 

$5.7  
58. I 
611.0 
60.4  
5 4  i 
62.6 
6 3 . 2  
6 3 . 2  

58.5 
60.1 
7 0 . 4  

70.7 
70.8 

1 2 "  1 
1 2 ~  3 
14.2 
12.4 
L2.0 
1.4.0 

9.7  
13.5 

a q  
2 3 . 0  
23.. 3 
3 2 . 2  

33.0 
30. I. 

7 4 . 2  

58. r 
6 4 - 5  
58 .7  
65.6 
59. I 
64.0  
60 .  .5 
6 4 .  n 

35.0 
40.1 
36.8 
34" 9 
3.5 ., 0 
3 6 . 2  
i J . .  L 
39.0 

24.4 
25 .3  
23.8 
25,5 
2 4  3 
2.5 , 8 

2i*4 

37.5 

760°C ............ 
3 7 . 5  
39.8 
4 2 . 5  
3 4 , o  
4 2 ,  I 
39.3 
2 5 . 0  
38.6 

1093nC 

5 . 3 .  5 
57. fJ  
5.5" 0 
51.5 
56.7 
.55.0 
37. . i  
56 10 

1316°C 

4 4 - 5  
60.7 
57.6 
5 4 * 2  
4 7 . 0  

1370°C ....... 
50. h 
5 4 . 2  
5 6 . Q  
5.5.7 
5.3. h 
55" 2 

5 h . 0 
...... 

4 .  Lested i n  v m u m  a t  a crosshead spced  o f  0.05 tu 0 .2  t ? i . / m f n -  

L k.si = 6.39  EPu. b 

' G B S ,  g r a i n  boundary sepnratiou;  TF, trni isgrandax frnr:t-ure; Ma, aaJoI f r a c t i o n ;  Xi* minor 
f r ac t ion ;  and IIK. duct-i.J.e rupture.  
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O R N L  - D W G  76-16?? 

I I L 

I 1 I 
0 10 2 0  3 0  

760  " C  
I 1 

40 50 SO 
STRAIN (%) 

Fig.  10.  Strcss-stPain CIEVES of l-r-0.3% bl a l l o y  s h e e t  ( W C - 4 )  t e s t e d  
ar 2 5 ,  760, 1093, and 1390°C. 

The t e n s i l e  proper  Lies o€ i r idium-tungsten a l l o y s  heat: i:.reate.d f o r  
1 h r  a t  1500°C are presented  i n  Tahle 11 and are p l o t t e d  as a funct ion 
of tungs ten  content: at: Ekve test: henprraI:ures i.n P i g  I 13.  The iridium- 
tungs ten  a l l o y s  prepared from E 1  material had h igher  y i e l d  strelngth and 
s l i g h  t1.y 1.ower ducti-l.ii:y than the a l l o y s  prepared f r o m  OEP i r i d i n  
powder, s o  t h e i r  t e n s i l e  d a t a  FWI:CE rxc9.t: incl-tided i.n the pl.ot:s The y i e l d  
strengck. i n c r e a s e s  nlniost  l i n e a r l y  w i t h  tungs ten  conten t  a t  t h e s e  tcm- 
perature:; ini1icati .ng t i r e  hardening of i r i d i u m  w i t h  added tungs ten .  The 
t e n s i l e  s t r e n g t h  a l s o  i n c r e a s e s  w i t h  Cungstm coniient except  for ti1.e 
p o i n t s  above 2% W a t  650 and 760°C. 
wi . th  t:lie tcrngsten conkc& at  rooin cemperaturr and a t  650 760 and 1093"C, 
b u t  i t  remains a t  3 cons tan t  Level of 50% a t  1370°C u n t i l  the tungsten 
contenl: :is over  2% - The iri.di.t.un.-.PIl.stigs ten a l l o y s  are compared i n  F i g .  
1.4 i n  terms of toughness,  def ined  as t h e  product  of f r a c t u r e  straLn asad 
h a l f  t h e  sim of  t e n s i l e  s t r eng th  and y i e l d  s t r e n g t h  a t  137OoC, t h e  
p r o j e c t e d  MIlW fuel  s p h e r e  assembly j-mpact tej;npr?jc-attire - 'he toughness oE 
T.r-4_,32% W is  13,900 i n . - l b / i n . 3 ,  which i s  t h e  highest. among thc! a l l o y s .  
I'he high toughness of iI~r-.1..92% W i s  d e r i v e d  from bo'rh good s t r e n g t h  and 
d u c t i l i t y  a t  1 3 7 O O C .  'J%1.1s, t h i s  aJ.loy p ~ ~ s s c ~ s s e s  t h e  i i iost pro ids ing  
rwchatiical p r o p e r t i e s  among the a l l o y s  i n  t h i s  i n v e s t i g a t i o n .  

optical microscopy and scanning  ekci : r rm m i c r o s m p y ;  Che r s s u l t s  are 
a l s o  presented i n  Table 11. The a l l o y s  prepnred f ~ o m  t h e  0:W powder  

The e l o n g a t i o n  of t h e  a l l o y s  decreases  

:_.- 

The f racture  sur-fac-c?. of ir.idium--t-ungs ten speciiriens was examined by 



T a b l e  11. Tensile yroper t i . esa  of ir-i.di.ur~-tunCstfn sheet sp rc i .mcus  
vaciium-iirinealed for 1 hr at 1500°C 

A l l o y  
(wt %) 

I r  (f!;W-21.) 
I r - - O . l  W (Xr-32) 
%r-0,3 W ( W C - 4 )  
I r - C o 5  W (lr-3:j) 
I r - 0 * 9 6  71 (Lr-19) 
Tr-1 .92  W (Jr-38) 

Ir-3.8 W ( T r - 2 9 )  
(Ir-15) 

Ir 
I r -0-1  \4 
XK-0.3 ii 
Ir-0.5 M 
lr-0.746 v 
Ir-1.'12 h' (Ir-38) 
Tr-1.92 ' X  (lr-15) 
Ir-3.84 I4 

Ir (E3P-21) 
Ir-Osl W 
I r -0 .3  W 
lr-0.5 W 
I r -0 .96  w 
Ir-1.97 IJ (lr-38) 
Ir-1.92 h, ( i r -15)  
Xr-3.84 w 

XI: 
Ir-0.1 W 
Ir-0.3 'nT 
IT-0.5 w 

Tr-1.92 GI (Lr-15) 
1K-1.92 w (IC-38) 

Ir-3.84 W 

8.2 
8 .9  
13.4 
13.8 
29.1 
32.8 
36 .7  
51.7 

8.6 
9.9 

1 2 . 0  
9.7 

20.2 
23.5 
33.8  

8.2 
7 . 3  
7.5 
9.1 

23.6 
21.2 
22.2 
3a.a 

a .  5 
5,8  
7 . 3  
9.2 

21.0 
2 0 , 4  
LZ.?  
25.3 

7.4 
6.0 
5.2 
7.0 
15.3 
18.0 
21.7 

43.  o 
4 5 . 3  
5 5 . 7  
54 .6  
56.0 
64.0 
70.3 
64.0  

65 .2  
58.2 
65.5 
65.5 

76*7 
72.2 
h2.5 

56.9 
53 .5  
58.1 
58 .4  
58.0 
7 9 * 8  
84 .2  
57.3 

37.0 
3 4 . 2 
35.0 
35.0 
40.0 
55-2  
60.5 
56.9 

23.0 
23-1 
24.4 
2.5. 7 
38.  0 
4 5 . 1  
46.9 

13 .6  

12.1 
1 3 . 2  

6.8 

8.3 
6 .  0 

12.0 

8 .4  

6.5QoC 

31.1 
25.8 
23.0 
273.1 

20.2 
1 6 - 0  

8 , j  

760UC -- 
38" 4 
36. ti 
3 2 . 5  
34-3  
24,. 4 
29.1  
30.0  
10.6  

1093°C 

5 0 . 6  
47.7 
5 3 . 5  
49.4 
41.8 
40.2 
3 1 . 2  
22.3 

12LHS. 
50.4 
52 .2  
50.4 
50.5 
52.3 
4 2 - 0  
2 5 . 1  

DR 
DK 
WR 
DR 
P)R 
DK 
UR 
DR, TP 

L G B S ,  grain boundary separation; TF, tratisgmnular f rac ture ;  DR, rlircticltl r u p t u r e ;  I&, 
major fraction; and Mi, minor f rac t ion .  
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F i g .  11.. T e n s i l e  p r o p e r i r k s  of l.r-0.3% W s h e e t s  as rr f u n c t i o n  of  
t es t  Lmpesa ture .  

fracEured mainly by GBS a; room temperatur- and 650°C. A t  l b O ° C  t h e  
a l l o y  w i ~ l ~  less thark 12  W e x h i b i t e d  mi,xtrd modrr, of  CBS and IF, wheieas 
t i le  a l l o y s  wiit'n m o ~ c l  t h a n  12 Y f c a c t u r c d  ~ i i a i n l y  by GKS. I h u s  a l l o y i n g  
r ~ i i l i  t ungs ten  does n o t  improve the f r a c t u r d  l )eha*~ior .  The i r i d i  mi- 
i mgs t e n  a l l o y s  prcpnied  froin t h e  XI material are more resistant i c) 
GKS 3t low temperatures .  A l l  Lhe a l l o y s  exh ib l r  eJ d a e t i l e  r u p t u r e  w i  p h  

c losp "lo 100% redustLon i n  area aL temperatures of I 0 9 3  and 11370°C. 

T e n s i l e  P r o p e r t i e s  01 Notched Specirneus __ 
I ___- _I_ 

T o  s t u d y  the notclt b e n s i t i v i t y ,  spcrimsns o l  Ir C.32 FJ and 1 r -1 .922  \J 
a l l o y s  were prepared  w i t h  a g ~ o o v e  0.015 cm VI+ by 0.079 CUI long on b o t h  
s i d e s .  The noLciied specinzns T J ~ Y ~  ~ i i ~ i i  .mnealed f o L  18 hr a; 1500°C i n  

s2nted  in f a b l e  1 2 .  Tnc a l l o y  specinens had  an o v e r a l l  e longa t ion  O F  
12 t o  16%.  
of  tile notrl i  is considrzed as the gage 1engi-h. hxamination of  t h e  

cor1tace wf?h gi- k i t e .  rhe  rrsiil'rs o f  i i=n~; i l r  tests ae 1370°C arc pre- 

' lhe elongation a c z u a l l y  leached a lave1 01 1000% i f  the width 
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Fig .  14. Toughness of i r id ium-tungs ten  a l l o y s .  

f r a c t u r e  s u r f a c e s  showed t h a t  t h e  specimens necked to k n i f e  edge and 
f r a c t u r e d  by d u c t i l e  r u p t u r e .  These r e s u l t s  t n d i c a t e  t h a t  t h e  irid:ium- 
tungs t en  a l l o y s  are n a t  no tch - sens i t i ve  a t  1370°C. According to t h e  
Bridgman a n a l y s i s  ,9 a component of  h y d r o s t a t i c  t e n s i o n  w i l l  b e  induced 
on t h e  notched p o r t i o n  when t h e  specimen is  t e s t e d  under s imple  t e n s i o n .  
Thus, t h e  e x c e l l e n t  d u c t i l i t y  of t h e  notched specimen demonstrates  t h a t  
a change of deformation state from u n i a x i a l  t e n s i o n  t o  a more compli- 
ca t ed  stress state has  no adve r se  e f f e c t  on t h e  d u c t i l i t y  and f r a c t u r e  
mode. 

E f f e c t  of Hydrogen Treatment on the T e n s i l e  P r o p e r t i e s  

The i r id ium-tungs ten  a l l o y s  g e n e r a l l y  c o n t a i n  up t o  10 ppm oxygen 
and 20 ppm carbon,  as shown i n  Table 1. 
ion  m i c r o s c ~ p y  and Auger a n a l y s i s  sugges t  t h a t  oxygen and carbon may 
s e g r e g a t e  on g r a i n  boundar ies  and damage t h e  grain-boundary s t r u c t u r e .  
In  an a t tempt  t o  remove the  interstitials, a set of WC-1 s h e e t  specimens 

The e a r l y  tsorksl's'' by f i e l d -  
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a T a b l F  1 2 .  Tens i l e  p r o p e r t i e s  of notchcd ii-idiUITr-tungsIl:n 
sheet specimensb t e s t e d  a t  1 37OoC 

A l l o y  
( W t  w >  

26.5 5 3 - 5  12 .0  D u c t i l e  n i p  cure d Xr-2 W 
Tr-0.3 We 10.7 30.8 1 6 . 0  n11rtiie rupture.  

" ' rested i n  a vacuum a t  a crossl:ead s19eed of 0.2 i n . / d u .  
b All s h e e t  specimens conlac ted  w i t h  A T J  g raph i t ( '  00. one s i d e  and 

1 k s i  =: 6.89 MPa. 

annealed 18 hr a t  1500°C p r i o r  tn tcsting. 
e 

%eat NO.. ~r-38. 
e Heat No. WC-3. 

(0.076 cm t h i c k )  r ec rys t a l l i zed .  f o r  I hjc a t  1500°C w m c  hea~ t r e a t e d  f o r  
256 h r  a t  llOO°C i n  1 atm o f  hydrogen. Uaci.ii.mni fus ion  ana1ysi.s i n d i c a t e s  
chat t h e  hydrogen treatiuent d id  no-t aIi:er t h e  3u lk  oxygen conteni: biii3 
reduced t l h e  hulk carbon content. f rom 9 Lo 5 ppm. The &.rented specimens 
were t e s t e d  a t  temperatures  t o  1370°c. 
Table 13 together  wi th  those Gbtained jfroiu the untreaLe9 specimens. 
The specimens,  with or  wi thout  hydrogen treatmerrt ,  bad about t h e  s a m e  
level of  s t r e n g t h  and e h n g a ~ i o n  at i ~ J - 1 -  temperatures  - Furthermore,  the 
t r e a t e d  and un t r ea t ed  speciiiieris e-xl-nibited %he same f r a c t u r e  mode a t  
l o w  temperatures  , i n d i c a t i n g  no iniproveriient of f:x.acture behavior  lsy 
hydrogen trentrcent. 

The resu1t:s are presented  in 

The ai.r ox ida t ion  behavior of iri.diiim and of l r -1 ,92% W and Ir-3.84% 
W a l l o y s  was determined a t  770 ,  870, and 1000°C, whlch r e p r e s e n t  the 
post impact  temperature  range f o r  tlw MEW f u e l  sl9htr.rr: assembly. Rec-  
t angu la r  sheet specimens 0.064 crn t h i c k  were po l i shed  ~ l i r sugh  1/0 paper  ~ 

p ick led  i n  aqua regia, vacuum annealed f o r  I h.r at: 1500°C, a d  then 
oxid ized  i n  a i r  a t  a fl.ow rate  of 100 l.i.te.;s/hr. 'The ox ida t ion  a t  
1000°C wa.s te rmina ted  a f t e r  a n  exposure of approximately 400 h r  because 
of t h e  high o x i d a t i o n  rate. The oxida t ion  at: 770 and 870'C was extended 
t o  approxi imte ly  1800 h r  . The specd.mc.ms WE'E pcriodi.caJ.ly removed from 
t h e  fu rnace  and weighed on an a n a l y t i c a l  ba lance  wi th  a s e n s i t i v i t y  of 
10-6 g.  

Brown oxide c o a t i n g s ,  probably Ir02, gradua l ly  appeared on the  
specimen s u r f a c e  a t  all.  tempera tures ;  hcwever, the  coa t ing  w a s  no t  
adherent  and began to flake o f f  af tc -c  a s h o r t  ex-ptzsure a'r. POOO°C,  A l l  
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Table 13. E f f e c t  of hydrogen dlrearment c m  the tensile 
properties of Ir-0.3X w s h e e t  specimensa 

-1.-- -- -__. 

s t reagt l i  (ksi)"  

Yield Tensile 
d Hydrogen ________-_ Elongation Fracture 

( X >  behavior  h t r ea tmen t 

-. Room tempera ture  -. 

N o  12.3 5 8 , l  12.9 Phin ly  GBS 
Y e s  12.2 62 .9  14.5 M i I i I l l Y  GBS 

Q5CsQC 

NQ 3.5 60.4. 2 3 . 3  Mainly GBS 
Yes 9 .8  70.9 34,6 Mainly GBS 

760OC l__.__l 

NO 8.9 6 4 . 6  39.8 GBS and TF 
Yes 9 .1  63.0 38.6 GBS and TF 

1093°C- 
N o  6 * 5  40.1 57.6 DR 

Yes 6 . 6  37.8 5 5  a 5 DR 

137O0C -_. 
No 5.0 2 6 . 3  5 4 . 2  n K  

Yes 5 . I 25 -4  4 2 . 5  DR 

%C speciruens annealed L ~imr at  1 5 0 0 ~ ~ .  

btIeat treatment €or 255 h r  at L1OO"C i n  1 atm u f  hydrogen. 

-Tested at a crosshead speed of 0.1 t o  0.2 in,/min i n  

d 

(2 

a vacuum. l k s i  = 6.89 MPa. 

GRS,  grain-boundary separation; TF, t r a n s g r a n u l a r  
fracture; 138, diacti le rup tu re .  

specimens e x h i b i t e d  w e i g h t  losses due Lo formation of a v o l a t i l e  ox ide ,  
I r O 3 .  The mechanisms of oxidation12 5 l3  appear  t o  be  

and 

Figure  15 shows the plot of the weight loss as a f u n c t i o n  of time 
at 770, 870, and 1000'C. Genera l ly ,  a t r a n s i e n t  p e r i o d  of dec reas ing  
reaction rate precedes  a cons tan t  reaction rate at 770 and 870°C. The 
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r e a c t i o n  rate constants for t h e  l i n e a r  o x i d a t i o n  pe r iods  are presented  
in T a b l e  1 4  and compared w i t h  t hose  f o r  unal loyed i r i d i u m  repor t ed  
by P h i l l i p s , l 4  
rate - lower than f o r  pu re  i r i d i u m  by a f a c t o r  of 2 and 1 ~ 3 . 8 4 %  W by 
a € a c t o r  o€ 4 a t  770 and 87OoC. However, t h e  o x i d a t i o n  rate c o n s t a n t s  
ace  approximately t h e  same f o r  t h e  t h r e e  specimens a t  1000uC, i n d i -  
cating that a l l o y i n g  w i t h  up t o  4% W does not  a l ter  t h e  o x i d a t i o n  of 
i r i d i u m  a t  this temperature .  A s  shown i n  Table  14 ,  t h e  oxidatLon rate 
of i r i d i u m  measured h e r e  a t  1000°C has tht! same orde r  of magnitude as 
r e p o r t e d  by P h i l l i p s . 1 4  
P h i l l i p s  by more than  two o r d e r s  at  870°C and by f o u r  o r d e r s  a t  770°C.  
Thts  b i g  d iscrepancy  is  be l i eved  t o  b e  due t o  t h e  f a c t  t h a t  P h i l l i p s '  
d a t a  w e r e  ob ta ined  from shor t - te rm o x i d a t i o n  (wi th in  24 h r )  and t h a t  
t h e  rate be r e p o r t e d  w a s  a c t u a l l y  corresponding t o  t h e  t r a n s i e n t  p o r t i o n  
of: t h e  weight- lass- t ime curves  as shown i n  F ig .  15a and b .  

The Ir-1.92% W a l l o y  has  t h e  lowest  l i n e a r  o x i d a t i o n  

However, t h e  rate is  lower than t h a t  of 

a Table  1 4 .  Comparison of I.inear air o x i d a t i o n  rate o f  
i r i d i u m  and iridium-tungs Len a l l o y s  

--...-..l._ll_ll__I -_-_ 

A l l o y  
(wt 2) 

Oxidat ion rate! 

7 7 0 ° C  870OC 1000" c 
Source 

L r  0 a 024 1 . 2 3  3 10 Present.  work 

Lr-1.92 w 0.014 0.69 310 P r e s e n t  work 

Ir-3.84 W 0.045 3 ,46  340 P r e s e n t  work 

IK 300 400 500 
P h i l l i p s  b 

--__ 
a At. a n  a i r  f low rate of 100 l i t e r s / h r .  

%. L .  P h i l l i p s ,  ASM a"L7ans. &. 57: 33-37 (1964). 

The micros t ruc tu res  o f  t h e  i r idium-tungsten a l l o y s  a f t e r  a i r  oxida- 
t i o n  f o r  approximately 1700 hr a t  7 7 0  and 87OoC are shown i n  F igs .  16 
and 17 .  F igu re  18 shows the  m i c r o s t r u c t u r e  of  t h e  a l l o y s  oxid ized  f o r  
approximately 378 hr at  1000°C. 
iridium and Ir-1.92% W specimens a t  770 and 870°C, whereas t h e  1 ~ 3 . 8 4 %  
W specimens e x h i b i t  grain-boundary a t t a c k  a t  870'C (Fig.  17c). The 
oxi.dat ion a t  1000QC r e s u l t s  in s u r f a c e  roughness and grain-boundary 
a t t a c k ,  as shown i n  F ig .  18. Some g r a i n s  a t  t h e  s u r f a c e  f e l l  o f f  du r ing  
uxidat:i.oxs a t  l000"C as a r e s u l t  o f  s e v e r e  grain-boundary a t t a c k ,  as 
evidenc.ed i n  F ig .  18c. This  phenomenon is  probably t h e  cause of the  
uriusuaIL scatter i n  weight  cliange d a t a  f o r  Ir-3.84% 

N o  evidence of r e a c t i o n  i s  observed f o r  

a t  1000°C. 
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Y - I  35960  

i 

Y-135969 

F i g .  16.  Microstructures  of iridium-tungsten specinens oxidized 
in a i r  at 770°C for about  1700 hr; 1000~. (a> I r i d i u m  spec imen,  ( b )  
I:r-1.32% W spec imen,  and (e) Ir-3.84% I4 specrimen. 
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Fig 17 Microstructures  of i r i .d i~m-rungs ten specimens oxidized 
in a i r  at 570°C €or about  1.700 hr; 1oox. (a]  r r i d i m  specimen, ( b )  
Ir-1.32% w spp;relcjmera, and (<?I Lr-3.84X w specimen, 
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Lres of iridium-tungsten specirne 
370 hr; 1OOx. ( a )  T r L d i u m  spec 
) Ir-3.84% W specimen. 

ns  oxidized 
iIllelz, ( b )  



Tine interstitial content i n  the o x i d i z e d  spec-i-mens shown in F i g s ,  
16 through 18 was determined by chemical analysis, ?lo eliminate t h e  
s u r f a c e  efSect, the chemical analysis was made on specimens w h o s e  oxide 
coating w a s  removed by e l . e c ~ r o p o l i s h i n g .  The results are presented  in 
T a b l e  15. The iridium and Tr-1.92% liJ specimens showed no increase in 
oxygen con ten t  after oxidation, indicating that t h e  oxygen s o l ~ t b i l i t y  
i s  5 ppm ox: lower at- these temperatures,  The 1.r--3,U% W syccimens picked 
up a small amount of oxygen (16 t o  32 ppm) dur ing  o-xidation. ( T h i s  
arncpmt af oxygen is too small to affect the w e i g h t .  change of Ir-3,134% W 
a l l o y  during oxidation 1 The hi gher oxygen coxatmt in t he oxid ized  
spccinens may be a r e s u l  t o f  oxygen p e n e t r a t i o n  aloug gra in  bountlaries 
(see Fig,s, l7e and L8c) or may be due t o  an increase. in oxygen soiu-  
bility i n  i r i d i u m  by alloying w i t h  4% 14. 

Table  15. E f f e c k  of air taxidation on the L n t e r s t i t t a l  content  i-n 
ir idi.rm-tungs ten ..;hc?er: s p e c i rneo  s 

Gt i, Air oxidation ctrrtdition A l l o y  (wt x> 1nterstltia.L c o n t e n t  (ppm) 

T e m p e r a t u r e  Time 
(C" 1 (hr) 0 N H 

-_..._I_ --.- ._-. ..-- 

1000 382 

1000 352 

1000 3 71 

870 1574 

870 1574 
$70 1836 

770 1582 

770 1582 
7 70 1836 

A s  recrystallized 

As r e c r y s t a l l i z e d  

As recrys tall.ized 

:c r 
Ir-1.92 W 

LP"3.84 FJ 

.1: r 

I r -1 .92  w 
Ir-3.84, \rl 

5 
5 

38 

3 

3 

26 

4 

2 

18 

1 

1 

<.I 

L% 
A t  an air f l o w  rate o f  10(3 Pirerslhr.  

Ob ta ined  11y vacuum-fusion analysis b 
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COWAT1 H 1 LITY WITH lil<hT SOUK(,E ENVliIONMENTS 

The c ladding  m a t e r i a l  used i i i  t h e  MIGJ h e a t  s o u r c e  is 
c o n t a c t  oxi-de f u e l  (Pt1.02) on one s i d e  and g raph i t e  oil t h e  
d u r i n g  o p e r a t i o n  2nd r e e n t r y  from space .  The enviromient: 
h e a t  s o u r c e  o p e r a t i n g  ai: 2.300 to 1350°C genera1I.y consi .s ts  o f  low- 
p r e s s u r e  active gases  dcrived from the decomposition of tiie oxide  f u e l  
and t h e  oul:gassing of g r a p h i t e  and i n s u l a t o r  materials - The reentry  
h e a t i n g  pul.se could b e  as h i g h  as 2000°C. 

r e q u i r e d  t o  
o ther  s ide  
n €  such a 

Corn2 at-. i b  i li t y with G r  q&i& - 

/ ?  10 determine tiie melting teniperature between g r a p h i t e  acid i r i d t u m -  
t u r ~ g s t e n  a l l o y s ,  d i s k  specimens of i r i d i u i n  arid Ir--3.-?2% W A l o y  were 
stamped from t h e  a l l o y  s h e e t s  poI.ished wi th  s i l i c o n  c a r b i d e  paper ,  
and p i r k l e d  i n  aqua r r g i a .  The spczc:imens w e r e  t:hen contac ted  wicth 
g r a p h i t e  coupons and h e a t e d  r a p i d l y  t o  t h e  d e s i r e d  temperature  i a  a 
g r a p h i t e  c r u c i b l e  by thermal  r a d i a t i o n  f ~ o a  an irrductLvely h e a t e d  
tt i i lgsten susc . ep to r .  The h o l d i n g  tinie was 10 ni.t~ at tenperatures Q E 
2100 t o  2300"C, The iridium and i r idi-m-eungsten al . loys d i d  noi: bond 
G ~ T  melt a t  2250°C h u t  d i d  m e l t  at 2300"C, i n d i c a t i n g  that. i n c i p i e n t  
n w l t i n g  occurs between t h e  a l l o y  and g r a p h i t e  all 2275 + 25°C. This  
demonstrates  t h a t  the  r e e n t r y  c a p a c i t y  of the iridiu:m-tu,ngsten a l l o y s  
is a t  least 2250°C. The i n c i p i e n t  welting temperature  determined h e r e  
i s  close. t o  t h e  e u t e c t i c  temperature  of  ir idium. acid carbon, which has 
been r e p 0 r t e d l ~ 3 ~ '  t o  be  2110 t o  2295°C. 

p r o p e r t i e s ,  t h e  t e n s i l e  sheet specirne.rxs of Lr--0.3% W (WCR-94) were 
contacted wiilh g r a p h i t e  and heated toge ther  a t  1.500"C f o r  18 h r .  The 
s p e c i m e n s  were t h e n  t e s t e d  a t  room temperature  and a t  766 and 1370°C; 
the r e s u l t s  are S ~ G W T ~  i n  Table  16.  ' 1 . k  specimens exposed. t o  g r a p h i t e  
shoved 1 . o ~ ~  d u c t i l i t y  at room temperature  and i 6 0 ° c ,  as compared w t t h  
the  specimens vacuum-annealed f o r  1 h r  a t  1500°C w:i.tbout P - X ~ G S U ~ ~  t o  
g r a p h i t e .  The ducti .1. i t ies of the exposed and unexposed speciiiiens were 
not: d i f f e r e n t  a t  1370°C. The spec imens  showed t h e  s a m e  r'racture mode 
a t  room t e a p e r a t m e  and 1370'C bu t  had a h i g h e r  propens i ty  f o r  GBS 
a t  760°C. Because and SSMS. a n a l y s i s  i n d i c a t e  ao s i g i x i f i c a n t  
change i n  i n t e r s t i t i a l  c o n t e n t  i n  bu lk  materiaJ- o r  on g ra in  boundaries  r* 

the small. d i f f e r e n c e  La e l o n g a t i o n  a n d  f r ac . tu re  behavior o f  the. 
graphite-exposed spacim@iro presuiiably res ialts from longer annea l ing  
t ime a t  1.5OO0C, wb.j.ch effeclrs t h e  grab s i z e ?  as shmm i n  t h e  f o o t n o t e s  
i n  Table  1-6. 

'L'o skludy t h e  e f f e c t  of  possib1.e carbon pickup on the mechanical 

T e n s i l e  spechens of t i ~  i r idi .um-tungsteI i  al.loys were exposed t o  
low-pressure oxygen o r  oxygen and carl,c?rr cnvirunment:s i n  order  to st11d.y 
t he i z  ef feces an mechanical p r o p e r s i e s  . The 0 .64-cm-:hick sheet s p e c i -  
m e n s  of i rLdiux (s-6.5) and Ir-0.3% i;d ( S - 7 4 )  we-tx: r e c r y s t a l l i z e d  f o r  1. I71 
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 abl le 16. Tens i le  p rope r t i e sa  araf rr-0 a 32 w sheet spec imens  heat 
treated at 1500°C with or  without contact w l t h  g raph i t e  

b Strc.mgth ( k s i )  - - __I E longat  ion Yras t ure 
(XI h eh avior Yield Tensile 

e H e 3  t 

6: Tested in vacuum at a crosshead speed of 0.1 to 0 , 2  i n . j m i i n ,  

'I k s i  = 6*89 ma. 
ca  GBS, grain-boundary separa t ion ;  TF, transgranular fracture; 

Specimens w e r e  aixiealed f o r  1 h r  at 1 5 8 8 ' C  witl iout coritact 

minor fraction; and Pla, major fraction. 
ct 

w i t h  graphite. The grain s i z e  w a s  ASTM grain s l z e  
interstitial content wiis 4 ppm 02 and 8 ppm C ,  

graphite on both s i d e s .  ?'he grain s i z e  was ASTEI g r a i n  s i z e  No, 1-3; 
the i n t e r s t i t i a E  content was 6.6 ppm (32  and 11 ppm C, 

e Specimens w e r e  annealed for 1.8 h r  at .LSO(B"C 2.11 con~act w i t h  
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F i g .  19.  M i c r o s t r w t u r e s  o f  (a> Iridium (S-65) and ( b )  ir-0.3% W 
( S - 7 4 )  exposed 11) oxygen ai 1 - 3  x l o F 3  lya far 1000 hr at P300°C,  (e) 
I ~ - l . 9 2 %  W (Ir-15) and ( A )  Ir-3.84Z W ( I r -29 )  exposed i:o oxygerr .and 
caibon at a ~ o l - a l  pressurg of 1.3 x Pa f o r  1000 h r  at 1 3 O O O C ;  1OOx. 
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__I -I--.... ... .. .............................. . 

Room tL =m ... 2- eracure 
:I r e1 1.7 ., 0 57-0 9 0 5 
Ir I.(3QCa 9 . 5  54 .3  9 , 3  

P 2000 1.3 I O  5 4 . 5  9 a 7 

Ir 
IT 
Er 

Ir 
Lr 
Ir 

Is 
:I ZT 

1: r 

3 7 , 8 
.li:.?. 
3 7 . 3  

i% Tested at-, 0.05 to 0.1 in./min strain rate, 

bRI.crysta:Llized 1 hr at 15r)O"C.  
z 1 k s i  = 6.89 ma. 

To simulate the  miw heat source environm.~nl-, tensile specimens of 
Lr-P.92Z %J and k - 3 . 8 4 %  W a l l o y s  heat created fss P tar a.t 1500°C w e r e  
ccsntactred w i t 1 1  ATJ g r a p h i t e  on one side and exp0se.d t o  oxygen om t h e  
o the r  si.& at a. torad pressure  of h , 3  x Lo-3 Pa at 13Q0°C, F i g u r e  20 
shows the  arrangement of the s p e c i m e r z s  in the AT,] graphite boat. Both 
s i d e s  of the speeimeizs were hrrighr: and showed no :Ln ricat:i-sm of surface 
reaction w i t h  sxygen or carbon after the 1000-hr exposlare e 

measurement a lso  revealed no change :in weight af ter  the exposurn., 'file 
Me:i.ght 
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Y-126379 

- k i g .  70 Arrangeuient of i r-Ldium-timgs teir tss t spccimens j rl irhe 
A T J  g r a p h i t e  b o a t .  

photographs i n  F i g .  19c and d show no indicat; ion o f  i n t e r n a l  o x i d a t i o n  
o r  oxygen p e n e t r a t i o n  a1.oilS t h e  g r a i n  boi.inciary. The resiilts of i::rsnslEe 
irests are compa~-ed i n  Table 18 w i t i h  those  F o i -  f:he unexposed spetcinens . 
The terrsi.1.e s t r e n g t h  is n o t  seilsitive Lo t h e  exPosure,  whereas the y i e l d  
s - t r eng th  of i;he exposed spilci.merxs i s  a little 1 . m ~ ~  than f o r  the 
unexposed ones.  As  i .ndicated i n  T a b l e  18, t h e  expcisure t o  a n  oxygen 
and g r a p h i t e  environmen.i: a t  1300°C does not  impair the  d i u c t i l i t y  of i:he 
i. tridi urn-tungsten a l l o y s  a t  t h e  t es t  t e m p e r ~ t ~ j r t ~  . 
and those exposed t o  carbon and oxygen was detezmined by vacuum fus ion .  
a n a l y s i s ;  t h e  data. are presented  i n  Table 1 9 .  Tlie carbon and oxygen 
coneentrat i .ons decreased i-.n both environments suggest i i lg  t h a t  t h e i r  
c o n c - e n t r a t i m  i n  the  fabricated specT.uens may b e  11 igher  t h n .  t i h e  con-- 
centrat ion i n  equilibirium w i t h  t h e s e  nnvironnents I The daita i n  'Table  
1.9 i n d i c a t e  t h a t  t h e  solul>:i . l i ty of carbon i n  the i r idium-tungsten a l l o y s  
[ray b e  less than  10 ppm and the s c l u b i l i t y  of oxygen less thari 5 ppm; 
t h e s e  v a l u e s  are i n  good agreemcni: w i t h  t h e  r e s u l i x  obta ined  from the 
a i r  oxidai:i.on s t u d y  ( s e e  'Table 15). There was no change i n  c:onc:entra-- 
t i o n  o f  n i t r o g e n  and hydrogen dur ing  i:he e q o s u r w ;  ~ 

'i'he i n t e r s t i . t i a l .  conten t  of bo.ti11 t h e  specimeos exposed t o  oxygen 
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Lr--1.92 I$ 

Zr-3,84 1I.d 

I r - I .*92  1.r 

Tr-3.84 1t 

Tr-1.92 w 

Lr-1.92. w 

Zr-3.84 w 

51.7 64.0 
4 6 -  8 6 2 , 5  

760°C ..._I_ 

22.2 84 ,2  
I9,6 85.0 

1093OC 

22.2 60.5 
1.7 e t3 60.  E; 

1.316aC 

17*0 45 ,2  
i 6 . 0  49. n 

1370°C 

21.- 7 46.9  
2 2 , 2  4 4 , o  

8.3 
7 . 9  

4.0 
3.8 

3 0 , o  
28,3 

3.0,, 6 
1.9-8 

% 1 , 2  
41. I 4 

36,O 
37.0 

25.1 
27 .3  

Q Tested i n  vacuurn at a crosshead speed of 0.1E to 0.1 i n , / m i r m .  

Al, specimens w e r e  annealed for L hr at lSOO°C prior t o  ~ X ~ O S U K ~  

to graphite and oxygen. 

1 k s i  = 5.89 Wa. 
Uizexposed specimens were vacuum annealed for 1 hr at 150Q°C p r i o r  

b 

F 

d 

to terisi2.e tes t i r ig .  



44 

T a b l e  1 9 .  1nherst: i  t:i.al content  a i.11 iridiu?n-tungs-i.c.n sheet specimens b 
exposed  t o  oxygen o r  oxygen arld carbon a t  1300°C and a t  I- x 

P a  pressure  
..... .. -l,.l_ .................... ~ ~ 

I n t e r s  t i t  i.a 1. co 11 t e n t  (ppm)\_ .- ....... I .................... .... .... . .............................. Exposure c o n d i t i o n  
Envi r o  nmen t TT!W (hr) Oxygen Hydrogen Nitrogen Carbon 

Oxygen 

Oxygcn 

0 

1000 

2900 

0 

1-000 

Oxygen and carbon 0 

1.000 

Oxygen and c a r b o n  0 
1000 

-. lr (S-55)  

9 1 1 5 

5 1 1 6 

1 1 1 5 

Ir-0.3% II____-__ W (s-7~1)- 
10 1 1 5 

8 1 1 1 

lr-1.92% W (ir-15) 
- I  ~ _ _  

8 1 1 11 

3 1 1 10 

Ir-3.84% W (Lr-29)  -...............__I .... 

2 1 1 18 

1 1 L> 8 
................... I ................... -l-l._lll-ll.-llll 

GhNEPlaL, DISCUSSION,  SUMMARY, AND FUTURE WORK 

The p h y s i c a l  and inechanical p r o p e r t i e s  o f  i r i d i  im aid i r idium- 
tling~iTc-ln alloys are q u i t e  semi t ive t o  trace impuriLies i n  t h e  ppm 
range.  The i r ac tu rc -  behavior y i e l d  s t r eng t l r  arid r e c r y s t a l l i z a i i o n  
I>ei-savi 01- are p a r t i c u l a r l y  s e n s i t i v e  t o  i m p u r i t i e s ,  as d iscussed  below. 

Fi+c twe  Behavior .-  I___ 

Examination of the tensile f r a c i u r  e behavior reveals t-hat the 
i r i d i u m  and i r idium- tungsl-en s h e e t s  produced from the E71 material are 
more r e s i s t a n t  to grain-boundary s e p a r a t i o n  t h a n  i-he sheets produced 
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from t h e  BEP o r  MI3 powders. The  El material con ta ins  h ighe r  l e v e l s  of 
trace impur i ty ,  as shown i n  Tah.1.e 1, This sugges t s  t h a t  some i m p u r i t i e s  
i n  the :EL material p l a y  an impor tan t  r o l e  in s t r e n g t h e n i n g  t h e  grairn- 
boundary reginan and in  suppres s ing  t h e  b r i t t l c :  grain-boundary f r a c t u r e .  
To i d e n t i f y  such i m p u r i t i e s ,  the fracture s u r f a c e s  of t h e  E 1  and OEP 
t e n s i l e  specimens broken a t  room temperature  were analyzed by t h e  SSMS 
ana1.ys:i.s. The r e s u l t s  are presented i n  Table  20 f o r  bu lk  concent ra t ior i  
(corresponding t o  I.ong-tirne exposure of  f r a c t u r e  s u r f a c e  t o  the s p a r k  
source)  and f o r  s u r f a c e  concen t r a t ion  (corresponding to  s h o r t e r  t i m e  
exposures)  Because the specimens f r a c t u r e d  mi in ly  by GBS a t  room tern- 
pesn tu re ,  t h e  s u r f a c e  csneentration i n  Table  20 m y  be  cons idered  as 
t h e  impur i ty  l e v e l  i n  the v i c i n i t y  of t h e  grain-boundary r eg ions .  The 
range o E concen t r a t ions  between t h e  s u r f a c e  and utider s u r f a c e  regions 
m y  also be  i n t e r p r e t e d  as t h e  impur i ty  g r a d i e n t  nea r  t h e  g r a i n  
boundary. The trace impur i ty  l e v e l  i n  Che. E1 material is  much h ighe r  
than t h a t  i n  t h e  OEP sheets, as  confirmed i n  Table  20. Auger work17 
a t  ORNL i n d i c a t e s  t h a t  carbon and oxygen are n o t  s t r o n g l y  seg rega ted  
on g r a i n  boundar ies  and t h a t  t h e i r  concentrat i .on .is a l s o  n o t  signifi- 
c a n t l y  d i f f e r e n t  i n  t h e  E l  and OEP raaterials . 
t h a t  t h e  g r a i n  boundary i n  i r i d i u m  is i n t r i n s i c a l l y  weak and t h a t  the  
GAS i.s a l l e v i a t e d  r a t h e r  than  caused by t h e  s e g r e g a t i o n  o E irnpisrities 
on g ra in  boundar ies  .) 

i n  the  E 1  t han  i .11 OH% materials are l i s t e d  i n  Table  21.  The i m p u r i t i e s  
fall i n t o  two c a t e g o r i e s  - elem.e:nts such as thorium, tantalum, i r o n ,  and 
aluminum, whose c o ~ ~ ~ n t r a t i ~ n  at t h e  g r a i n  boundary is h ighe r  than  t h e  
bulk va lue  by twa t o  four  o r d e r s  of magnitude, arid second,  e lements  such 
as rhodium and n i c k e l  whose grata-boundary concen t r a t ion  i s  not  
s i g n i f i c a n t l y  dif .Eereii t  from bulk value. Thus, we s u s p e c t  that t h e  
elements  w i t h  d i s t i n c t l y  h i g h e r  grain-bouxnda-ry concen t r a t ions  c o n t r i b u t e  
t o  the  major d i f f e r e n c e  i n  f r a c t u r e  behavior  o f  E 1  and OEP inaterialis .  
Future  work w i l l  i nvo lve  t h e  preparaLion of  i r id ium-tungs ten  alloys 
doped wi th  these elements t o  s tudy  the e f f e c t  of  dopants  on t h e  fracture 
behavior  a t  v a r i o m  test cond i t ions  

A l l  of this siiggests 

The impur i ty  e,lements w h . 0 ~ ~  concen t r a t ion  i s  s i g n i f i c a n t l y  h i g h e r  

Yie ld  Behavior 
I___ .. . _._I. 

'&e cr i t i ca l  r e so lved  shear: stress of an i.rLdium s i n g l e  c rys t a l .  
has  been r e p ~ r t e d l ~ y ~ ~  t o  be e x c e p t i o n a l l y  h igh  as compared wi th  that of  
other fec metals; however, t h e  p r e s e n t  work i n d i c a t e s  t h a t  t h e  y i e l d  
s t r e n g t h  of high-puri  t y  i r i d i u m  pol .ycrys ta l s  is n o t  i n o r d i n a t e l y  h igh  
Figure  & i n d i c a t e s  that t h e  c of i r i d i u m  i s  very  s e n s i t i v e  t u  the 
trace i inp ix i ty .  
MB powdc:cs (OWL material) has a low 0 of 55.1. t o  68.9 ma, whereas 
the  E 1  i r i d i u m  con ta in ing  h i g h e r  levels of  i .mpur i ty  has a y i e l d  s t r e n g t h  
of 1 7 2 - 3  M Y a  a t  room tempera ture .  Nehan e t  have repcxted t h a t  t h e  
cr of impure iri.d:i-um can be  as h igh  as 261.8 Wa a t  room temperature .  
d e  y i e l d  s t r e n g t h  of t h e  OXNL i r i d i u m  (EBP-21, EB) is  not  dependent on 
t h e  test temperature  even up t o  llOO°C, as shown i n  F i g ,  8a. This  
s t r o n g l y  i n d i c a t e s  t h e  absence of shor t - range  stress f i e l d s ,  which 

The e.lectroia-Keam-rn~ltgd i r i d i u m  produced from OEP and 

Y 
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/ i:  Table 21. The d i f f e r e n c e  in. trace impur i ty  observed i n  CPEP 
and E 1  sheets 

EL s h e e t  OEP s h e e t  
Grain boundary Bu lk  Grain boundary Bulk E 1. erne n t 

‘I’ll I ,  OQO-L3,000 6 
T a  1,050-4,000 1.7 
A l  500-6,00(3 4 0 
P e  500-3,500 8.5 
N i  2 0-1.3 0 10 
Rh 50 

<50-150 c0.1 
2.0-120 3 
30-100 2 
80-750 15 

<30 1 
I l  

g e n e r a l l y  con t r ibu te21  t o  Lhe thermal ly  a c t i v a t e d  component of t h e  y i e l d  
s t r e n g t h .  
pu re  and f r e e  from t h e  hardening  due t o  impur i ty  s o l u t e  atoms. 
trast, t h e  y i e l d  s t r e n g t h  of the E 1  i r i d i u m  sheets con ta in ing  high levels 
of t r a c e  i m p u r i t i e s  shows a tempera ture  dependence, and i t s  va lue  
decreases w i t h  test tempera ture ,  as shown i n  F ig .  8a and as r epor t ed  by 
Mehan e t  The y i e l d  s t r e n g t h  of  i r id ium-tungs ten  a l l o y s  i n c r e a s e s  
wi th  tungs t en  con ten t ,  i n d i c a t i n g  t h e  s o l u t i o n  headening of i r i d i u m  by 
tungs ten .  The degree  of s o l u t i o n  hardening by tamgsten is  s t r o n g l y  
temperature-dependent,  and t h e  y i e l d  s t r e n g t h  dec reases  wi th  test tenr 
p e r a t u r e ,  as shorn  i n  FLg. 13. 

I n  o t h e r  words, t h i s  sugges t s  t h a t  t h e  ORNL i r i d i u m  Is ve ry  
I n  oon- 

R e c r y s t a l l i z a t i o n  Behavior 

The r e c r y s t a l l i z a t i o n  behavior  of i r i d i u m  and 1 ~ 0 . 3 %  W a l l o y s  has  
been found t o  be  very  s e n s i t i v e  t o  trace i m p u r i t i e s  i n  t h e  ppm range.  
R e c r y s t a l l i z a t i o n  of  t h e  i r i d i u m  s h e e t  EBP-21 produced f r o m  t h e  OEP 
powder starts a t  800°C and i s  complete a t  950°C. 
t i o n  tempera tures  ag ree  wi th  t h e  d a t a  r epor t ed  f o r  i r i d i u m  i n  
l i t e r a t u r e .  22 s Z 3  The r e c r y s t a l l i z a t i o n  behavior of  I r -0  e 3% FT s h e e t s  
used f o r  hardware product ion  has been s t u d i e d 4  9 24 e x t e n s i v e l y ,  and t h e  
r e s u l t s  i n d i c a t e  a l o t - t o - l o t  v a r i a t i o n  i n  t h e  range of  100°C f o r  t h e  
OEP s h e e t s .  The i r i d i u m  s h e e t s  produced from t h e  MB powder had h ighe r  
r e c r y s t a l l i z a t i o n  tempera ture .  For i n s t a n c e ,  t h e  100% r e c r y s t a l l i z a t i o n  
tempera ture  of EB s h e e t s  is  found6 t o  be  1175°C based on t h e  r e c r y s t a l -  
l i z a t i o n  s tudy  a t  Mound Labora to r i e s .  Because the  El: s h e e t s  con ta in  a 
r e l a t i v e l y  h igh  level of trace i m p u r i t i e s ,  t h e i r  r e c r y s t a l l i z a t i o n  tem- 
p e r a t u r e  is d i s t i n c t l y  h ighe r  t han  t h a t  of t h e  OEP s h e e t s .  W e  charac- 
t e r i z e d  the  r e c r y s t a l l i z a t i o n  behavior  of t h e  E 1  s h e e t  S-69 and found 
its r e c r y s t a l l i z a t i o n  tempera ture  t o  b e  h igher  than  that.  a€ t h e  OEP 
s h e e t s  by as much as 400°C. 
even showed a duplex s t r u c t u r e  a f t e r  annea l ing  at 1 3 Q O ° C ,  as i n d i c a t e d  
i n  F ig .  7a. This  s t r u c t u r e  i s  be l i eved  t o  have r e s u l t e d  from a s u r f a c e  
contaminat ion t h a t  raises t h e  r e c r y s t a l l i z a t i o n  tempera ture  of t h e  
material near  t h e  s u r f a c e .  

These r e c r y s t a l l i z a -  

Some PICS produced from t h e  E1 material 



Alloying w i t h  up fro 4% W sLgnif ica .nt ly  affects t h e  p h y s i c a l  al-lci 

mechanical p r o p e r t i e s  of i r idiuin.  As show1 i t \  F i g .  6 ,  t h e  r e r r y s t a l -  
l i za t iox r  temperature  o f  i . r i d -  . Lorn - -  i n c r e a s e s  wirh t h e  t u n g s r c s  r.oi%tent. 
I n c r e a s i n g  t h e  r e c r y s t a l l i z a f  i.on temperatlure i.s r e q u i r e d  i n  i r i d i u m  f o r  
contro1l.i.n.q the rretal.l.urgical s t ruc tx i r e  of  s h e e t s  dur ing  h o t  ~ror l i iag.  
Alloying wi th  tungs ten  a l so  i i i h i b i t s  t h e  g r a i n  gi-swi:h , as shown in 
Table 3 .  Ref inemerit of g r a i n  s t r u c t u r e  i s  $ e n s r a l l y  l i ienef ic ia l  to the 
mechanical p r o p e r t i e s :  such as i m p a c t  p r o p e r t i e s .  25 

1000°C (Table 14). The :lr--1.92% 14 h a s  t h e  lowest oxidat-Loti ra te  among 
t h e  all.oys a t  770 and 8 7 0 ° C .  The a i r  oxi.dation ra te  of iriili-uoi-tungsten 
a l l o y s  i.s h i g h e r  than  t h a t  of platinum-30% rhodiim--8% tungs ten  alloy 
(Pt-3008)26 by more than  two o r d e r s  of magnitude at 1.00O"C; however, a t  
7 7 O o C ,  thei.r ra te  is  ewen l o w e r  than thai-  o E  Pt-3008 an o r d e r  of  
magnitude. I n  a d d i t i o n ,  the t r idium-tungsten al.l.oys contai.iiing 2% 
tungs t e n  showed no i n d l c a t i o n  o ir :interrial o x i d a t i o n  and grain-boundary 
p e n e t r a t i o n  (Fi.gs. 16-1.8) between 770 and 1.0OO"C. Thus IF.-1.922 W 
a l l o y  has the exce l len t  oxidat ioi i  r e s i s t a n c e  t o  wi.thstand the pos tirnpact 
o x i d a t i o n  of N H W  P ICS .  

The s t r e n g t h  of i r i d i u m - - t u ~ g s t ~ c i  a l l o y s  i n c r e a s e s  w i t h  the tungs t e n  
conten t .  The l i n e a r  i n c r e a s e  i n  y i e l d  s t r e n g t h  ~ i . t h  tungs tsn  conceiiltra- 
t i o n  i n  Fig.  13 is  i n  agreement wi th  t h e  so.l.ution hardening theory 
p r e d i c t e d  by Mott and Nabarro. 2'7 
a l l o y s  g e n e r a l l y  decreases  with t h e  tungs ten  i:c.ntent ; however cite 
e l o n g a t i o n  a t  1 3 7 O o C  i.s independent of tungsten conten t  up *LO 2%. Among 
t h e  a l l o y s ,  I r - 2 %  W exhibi- ts  t h e  hi-ghest  coinbination o f  s t r e n g t h  and 
d u c t i l i t y  a t  1 3 7 O o C ,  and t h u s  has t h e  h i g h e s t  toughness at t h i s  tempera- 
t u r e .  I n  f a c t ,  t he  toughness of  Ii--1.92% W i.s s i g n i f i c a n t l y  grea?cr 
than  t h a t  of p o t e n t i a l  f u e l - c l a d  mater.ia1s such as Pt-3008, TZM, and 
T-111 at: 1300 t o  1400°C.  

:Cn a d d i t  i o n  t o  the e x c e l l e n t  % e n s i l e  p- t - ( iper t ies  , t h e  Ir-1.9 2% W 
a l l o y  appears  t o  b e  coifipatih1.e w$ch g r a p h i t e  and (:he sirnill.al:ed h e a t  
source  environments.  'Thi~s a l l o y  i s  r e a d i l y  f3 l ) r i ca t ed  i n t o  s h e e t  and 
p r e s e n t s  110 major d i f f i c u l t i e s  when formed from s h e e t  i n t o  hemispheres 
or cyPindric.al  capsules  Therefore, our  s tudy  l e a d s  t o  t he  conclusion 
t h a t  t h e  optimum ariount of tungs ten  in iridium should b e  around 2%. 

'The i.ridium-i:iings ten a l l o y s  have good ox i.dation r istaance below 

T h e  duct:i I.i.ty of iri-diuiii-tungsten 

S t r a i n  R,ace E f f e c t s  

As i n d i c a t e d  i n  Table  10 ,  t h e  Tc-0.3% W a l l o y  i s  very  d u c t i l e  when 
t e s t e d  at S ~ O W  s t r a i n  ratc.s (LO-" m/sec) above 1000°C. Ln t h i s  t e m p e r a -  
t u r e  range,  the a l l o y  a c t u a l l y  had miore t han  50% teiisile ~ 1 ~ t z g a t i 0 1 1  and 
f r a c t u r e d  by d u c t i l e  r u p t u r e  w i t h  c l o s e  tu 1002 r e d u c t i o n  i n  aces. How- 
ever, on impact of MHTST f ue l  sphere  nr ,se~bl . les a t  a v e l o c i t y  o f  about 
90 m/sec, t h e  Ir 0.3% W PLCS q u i t c  o f t e n  shewed b r i t t l e  f a i l u r e  wi th  
l i m i t e d  deformation r v e n  a t  1400°C. Two types  o f  f a i l u r e  are g e n e r a l l y  
o b ~ e r v e d ~ , ~ ~ ~ ~ '  on t h e  impacted s h e l l s :  one i s  a t e n s i l e  f a i l u r e  i n  
t h e  hoop s t r a i n  r e g i o n ,  where the  normal. s t r a i n  i s  maxinrum (6  t o  1 5 % ) ;  
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t h e  o the r  one i s  t h e  se -ca l l ed  l i n g e r p r i n t  crack on t h e  impact- face, 
where f i n e  c racks  are formed w i t h i n  an  annu la r  region, wi th  no cracks  i n  
t h e  rest .  of the imnpact f a c e .  A n  I r - l .92% 1J t u e l  sphere  assembly (MIIT-74) 
impac ted  a t  General Electric a t  90 m/scc a n d  a t  2427°C showed29 f inge r -  
p r i n t  c racks  on t h e  impact f a c e  wi th  only  I i rn i ted  deformation.  Thus, 
a l l oy ing  wi th  t m g s t c n  does not i n h i b i t  larittle f r a c t u r e  of  i r i d ium when 
impacted a t  h igh  v e l o c i t i e s  (90 mlsec. OK leigher) e 

Comparison of t h e  t e n s i l e  w i th  the impact. r e s u l t s  shows t h a t  the 
d u c t i l i t y  and f r a c t u r e  bchavior of  i r i d i u m  and iridium-Lungsten a l l o y s  
are s e n s i t i v e  t n  t h e  test velocit.y. T e n s i l e  tests a t  in t e rmed ia t e  s t r a i n  
rates have been performed?* a t  Donald W. D o u g l ~  Labora to r i e s ,  and t h e  
r e s u l t s  slzow that Tr-O.3% FJ and Ir-1..92% CJ a l l o y s  remain d u c t i l e  a t  a 
testz ve .hc i t j .  of 3 t o  5 d s e c  at: .13’?0”C, Tensile tests a t  s t r a i n  rates 
c h s e  to the MHW impact v e l o c i t y  (90  m / s e c >  are c u r r e n t l y  be ing  con- 
ducted  a t  ORNL t o  ver i fy  the s r r . i i n  rate e f f e c t s ,  

t h a t  t h e  f a i l u r e s  occurred minhy by GBS when h p a c t e d  a t  96) rn/sec at 
1 4 0 0 * ~ .  The s a m e  f r a c t u r e  mode w a s  observed when t e s t e d  a t  l o w  tempera- 
Cures and stra-in rates (F igs ,  9 and 1 2 )  * Auger17 and S S E  ana lyses  
i n d i c a t e  no major s ~ * g r e g a t i o n  of i m p u r i t i e s  OII grain boundar ies ,  sugges t ing  
that, t5e. g r a i n  boundary is  i n t r i n s i c a l l y  weak in iridium and i n  i r id ium-  
tungsten a l loys .  WE: have found that t.he t r a c e  i m p u r i t i e s  L i s t ed  i n  
Table  21 t end  t o  s e g r e g a t e  on g r a i n  boundaries and improve t h e  f r a c t u r e  
behav.ior. Tn an attempt t o  develop a more impact r e s i s t a n t  al-loy, t h e  
elements l i s t e d  in ‘I’;ihI-e 2 1  w i l l  be  added t o  ~AF. i r id ium-tungs ten  a l l o y s  
in order  t o  s t u d y  t h e i r  effects nil t h e  f r a c t u r e  behavior  and impact 
p r o p e r t i e s  I 

~os tmor tc ra  examination of iriditlm-tungsten PICS 9 2 5  9 ’ 8  9 3 O  
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