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DEVELOPMENT AND CHARACTERIZATION OF AN IMPROVED Ir--0.3% W ALLOY 
FOR SPACE RADIOISOTOPIC HEAT S O U R E  

C. T .  Liu and H. Inouye 

ABSTRACT 

An Irc).3% W a l l o y  has  been doped w i t h  minor a l l o y i n g  
a d d i t i o n s  t o  develope an improved cladding material f o r  
space r a d i o i s o t o p i c  h e a t  sou rces  o p e r a t i n g  a t  temperatures  
t o  1450°C. T e n s i l e  tes ts  of a series of doped a l l o y s  a t  
slow s t r a i n  rates i n d i c a t e d  t h a t  t h e  DOP-4 a l l o y  con ta in ing  
40 A l ,  30 Th, 80 Fe ,  10 N i ,  and 75 Rh ppm w a s  most r e s i s t a n t  
t o  t h e  b r i t t l e  f r a c t u r e  a s s o c i a t e d  wi th  grain-boundary separa- 
t i o n .  In a d d i t i o n ,  t h e  DOP-4 dopants  raise t h e  r e c r y s t a l l i z a -  
t i o n  temperature ,  and r e t a r d  g r a i n  growth a t  high temperatures .  

The impact p r o p e r t i e s  of DO€’-4 and undoped Ir-O.3 W 
a l l o y s  were determined as a f u n c t i o n  of g r a i n  s i z e ,  test 
temperature,  impact v e l o c i t y  and long-term h e a t  t r ea tmen t .  
A 1 1  t h e  r e s u l t s  i n d i c a t e  t h a t  t h e  impac t  p r o p e r t i e s  of t h e  
DO€’-4 a l l o y  are f a r  s u p e r i o r  t o  t hose  of t h e  undoped a l l o y .  
The improvement r e s u l t s  from t h e  seg rega t ion  of b e n e f i c i a l  
dopan t ( s )  (such as thorium) t o  g r a i n  boundaries and p r e c i p i -  
t a t i o n  of second-phase p a r t i c l e s .  
DOP-4 alloy g r e a t l y  improves t h e  s a f e t y  margin of t h e  Multi-  
Hundred-Watt h e a t  sou rces  t o  be used i n  a space probe t o  
J u p i t e r  and Sa tu rn  i n  1977 .  

The development of t h e  

INTRODUCTION 

A multi-hundred w a t t  (MHW) r a d i o i s o t o p e  heat. source f o r  a thermo- 

e l e c t r i c  gene ra to r  (RTG) has been developed by General E l e c t r i c  (GE) under 

t h e  sponsorship of t h e  Space Nuclear Systems Divis ion’  of ERDA t o  provide 

s t a b l e  e lec t r ica l  power f o r  a v a r i e t y  of space missions (F ig .  I). The h e a t  
source2 is 18.3 c m  i n  diameter  and 42.9 crn long ,  and weighs about 20.4 kg. 

- 
‘P resen t ly  p a r t  of t h e  Div i s ion  of Nuclear Research and App l i ca t ions .  

2GeneraL Electr ic  Company, MuZti-HzbrzdYJed Watt Radioisotopic Themo- 
Elec tr ic  Generator Program, Parts I and -11, Annu. Rep. 1 Jan. 1973- 
31  Dee. 1973, CESP-7107, GEMS-418. 

1 
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SFHEIf L O C X  

GRAM!% AEPOSHEli 

UElAlNllUO TRAY 

LAMINATED END CRUSY UP 

SPWiRE SEAT PL&TE 

FMISSIVITT SLEEVE 

, LAMIMATED EFID C R U S H  UP 

Pig.  1. Multihundred-Watt Heat Source Desigiied b y  General 
E lec t r ic  Company. Reprinted from General Elec t r ic  Company, MuZti- 
Hundred V a t t  Radioisotopic !l%errio--Electric Genera tor 2?~ogmm, Part 
Annu. R e p .  1 Jan. 1973-33 Dee. 1973, GESP-7107. 

It is  fue led  wi th  24 f u e l  sphere  assemblies  (FSA) .  The FSA ( F i g ,  1) 

has  three p a r t s :  (1) a 3.81-cm-diam 23BPu02 f u e l  b a l l ,  ( 2 )  a 

0.051-cm-thick postimpact contain.ment s h e l l  (PZCS) made of oxidat ion-  

r e s i s t a n t  a l l o y ,  and (3) a 1.0-cm-thick t h o r n e l  g r a p h i t e  impact s h e l l  

( G T S ) .  

around 1.33O"C. 

t he rmoe lec t r i c  e lements  a t t ached  t o  t h e  o u t e r  can of t h e  heat. source.  

An a l l o y  of 11-0.3% W i.s c u r r e n t l y  used as PICS material. i n  t h e  MFd 

heat  source because of t h e  alloy's high mel t ing  p o i n t ,  good oxida t ion  

The fuel-cladding i s  designed f o r  an ope ra t ing  temperature  

The e lec t r ica l  power i s  generated by silicon-Germanium 
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r e s i s t a n c e  and proven c o m p a t i b i l i t y  w i t h  f u e l  and g r a p h i t e  t o  1 4 5 O o C .  

Tungsten, a t  a l e v e l  of 0.3%, i.s added t o  i n c r e a s e  t h e  r e c r y s t a l l i z a -  

t i o n  temperature  and improve t h e  f a b r i c a b i l i t y  of i r i d ium.  A 

d e t a i l e d  desc r i -p t ion  of t h e  product ion of I H . 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  MHW h e a t  sou rce  has  been r epor t ed .  3 

On t e n s i l e  t e s t i n g  a t  convent ional  s t r a i n  rates ( ~ o - ~ m / s ) ,  

the 1 ~ 0 . 3 %  W a l l o y  has  been found t o  be d u c t i l e  a t  temperatures  

above 100c)°C.4 

t i o n  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  wi th  c l o s e  t o  100% r e d u c t i o n  

of area. To s i m u l a t e  t h e  acc iden t  cond i t ions  of e a r t h  impact a f t e r  

o r b i t a l  a b o r t  and atmosphere r e e n t r y  s i t u a t i o n ,  t h e  FSA/NHW have 

been h p a c t  t e s t e d  a t  1370’C a t  a v e l o c i t y  of 90 m / s  (300 f p s )  aL 

GE and Los Alamos S c i e n t i f i c  Lab (LASL) . Their  r e s u l t s  i nd ica t e s ’*  

t h a t  t h e  Ir---C).3% W PTCS sometimes s u r v i v e  t h e  impact test but  q u i t e  

o f t e n  showed b r i t t l e  c r ack ing  w i t h  l i m i t e d  deformation even a t  a 

temperature of 1450°C. 

t o  a breach. of t h e  containment shell which could release s m a l l  

q u a n t i t i e s  of r a d i o a c t i v e  f u e l .  Because of t h e  marginal  impact 

r e s i s t a n c e  of t h e  lr-0.3% W ,  t h e r e  i s  a need t o  improve t h e  impact 

p r o p e r t i e s  of t h e  a l l o y  t o  i n c r e a s e  t h e  s a f e t y  margin of t h e  space 

h e a t  sources .  

The a l l o y  specimens had more than  50% t e n s i l e  elonga- 

I n  t h e  more severe cases, t h e  cracking l e a d s  

P o s t t e s t  examination of i r idium-tungsten PICS revealed’ 9 5 ’  

t h a t  t h e  f r a c t u r e  mode of t h e s e  c racks  w a s  mainly i n t e r g r a n u l a r  

on impact a t  90 m/s at  1400’C. The same f r a c t u r e  mode w a s  a l s o  
observed4 a t  slow stra3.n-rate tests a t  temperatures  below 800°C. 

Surface ana lyses  by Auger and spark-source mass spectrometry ind i -  

ca t ed  no major s eg rega t ion  of i m p u r i t i e s  on t h e  g r a i n  boundary, 

3D. N .  Braski  and A. C .  Schaffhauser ,  Froduetion of -cirr-o.3% W Disks 
and Foi l ,  ORNL-TM-4865 (Apr i l  3.975) 

4C. T. Liu and H. Inouye, S t u d g  of P~idLwn and Irid?:wn-Tzmgsten 
AZ2!ogs f o p  Space i?(trdio.isot~~p?k Heat Sowces, OWL-5240 (December 1976) . 
dur ing  1974-1976. 

Impact Contaimnent She l l ,  ORNL-TM-4943 ( J u l y  1975).  

R. D .  Baker, Los Alamos Sc ien t - i f i c  L a b . ,  p r i v a t e  communications 5 

‘C. T. Liu and B. Inouye, Postmortem AnaZys’k of Lr--Z% W Pos6- 
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sugges t ing  t h a t  t h e  grain-boundaries i n  t h e s e  h igh-pur i ty  i r i d ium 

and Ir-O.3% W alloys are i n t r i n s i c a l l y  weak. The purpose of t h i s  

p re sen t  work w a s  t o  improve t h e  impact p r o p e r t i e s  of 1 ~ 7 3 %  W a l l o y  

through control.  of rhe  g r a i n  boundary chemistry and minor a l l o y i n g  

elements (without s a c r i f i c i n g  t h e  other d e s i r a b l e  p r o p e r t i e s )  , 

In t h i s  s tudy ,  s e l e c t e d  a l l o y i n g  addi.t:ions (dopants) i n  t h e  ppm (by 

weight) range were added t o  t h e  1 ~ 9 . 3 %  W a l l o y .  

the impact p r o p e r t i e s  of t h e  doped al.l.oys, impact equipment has 

been developed a t  ORNL, which i s  capable  of t e s t i n g  shee t  specimens 

i n  c o n t r o l l e d  atmospheres at 1400OC a t  v e l o c i t i e s  t o  90 m / s  (300 f p s ) .  

To c h a r a c t e r i z e  

SCREENING STUDY OF DOPED Ir-0.3% W ALLOYS 

S e l e c t i o n  of Alloying Elements (Dopants) 

The s e l e c t i o n  of dopants f o r  t h i s  s tudy  w a s  based on t h e  follow- 

i n g  cons ide ra t ions :  

a. Previous  s tudy4 of t e n s i l e  f r a c t u r e  behavior  of Ir and 1r-W a l l o y s  

revea led  t h a t  a l l o y s  conta in ing  h igher  l e v e l s  of Th, A I ,  Fe, T a ,  

N i ,  and Rh were more r e s i s t a n t  t o  g r a i n  boundary f r a c t u r e ,  Fixrther- 

more, t h e  concent ra t ions  of Thy T a ,  Fe ,  and A 1  were much h igher  

near  t h e  grain-boundary than  i n  t h e  bulk ,  sugges t ing  t h e  possi-  

b i l i t y  of s eg rega t ion  of t h e s e  elements t o  t h e  g r a i n  boundary. 

These elements may a c t  s y n e r g i s t i c a l l y  t o  f a c i l i t a t e  g r a i n  boundary 

seg rega t ion ,  so they w e r e  added as a group to the 1 ~ 4 . 3 %  W a l l o y .  

Some e a r l y  work7-' on i r id ium p o l y c r y s t a l s  suggested t h a t  t h e  

b r i t t l e n e s s  i n  i r i .d ium i s  due t o  seg rega t ion  of i n t e r s t i t i a l s  

on t h e  g r a i n  boundaries.  I f  i t  i s  the case, all .oying i r id ium 

wi th  an a c t i v e  component, such as hafnium, may scavenge i n t e r s t i -  

t i a l s  from t h e  boundary as well as from t h e  mat-rix by p r e c i p i t a t i o n ,  

b. 

7M. A. For t e s  and B. Ralph, "A Field-Eron Microscope Study o f  
Segregat ion t o  Grain Boundaries I n  1ridi1.1rn~" A c t a .  Me$. 15:  707 ( l 9 7 6 ) .  

'Personal communication f r o m  P. W. PaLmhert t o  R. L. Mehan, 
General  E l e c t r i c  Company, Ph i l ade lph ia ,  December, 9 ,  1 9 7 1 ,  

'C. A. Brookes, J. H. Greenwood, and J. L. Routbort ,  "The IIigh- 
Temperature Tens i l e  P r o p e r t i e s  of I r id ium S ing le  C r y s t a l s  ,It J .  Inst. 
Met. 9 8 :  27 (1970). 
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e.  Yttr ium is t h e  most common element used f o r  improving grain-boundary 

p r o p e r t i e s  i n  metals and a l l o y s .  

Alloy P repa ra t ion  and Fabr i ca t ion  

The i r id ium powders ( l o t s  WC and WG> used t o  prepare  doped Ir-Q.3% W 

a l loys  w e r e  ob ta ined  from U . S .  Office of Emergency Preparedness .  The 

chemical a n a l y s i s  by spa rk  source  mass spec t romet r i c  methods i n d i c a t e d 3  

t h a t  t h e s e  powders w e r e  q u i t e  pure wi th  t o t a l  i m p u r i t i e s  less than  

300 ppm by w t .  The major i m p u r i t i e s  w e r e  Ca, S i ,  C1, and Rh; most 

of t h e  v o l i t l e  i m p u r i t i e s  are removed dur ing  melt ing.  Two series of 

doped a l l o y s  w e r e  p repared  w i t h  nominal concen t r a t ions  of dopants  

(Table 1 ) .  

i n  powder form were thoroughly mixed w i t h  i r i d i u m  powders, followed 

by cold p r e s s i n g  i n t o  compacts. 

at 1000°C f o r  one hour and vacuum s i n t e r e d  a t  1300°C f o r  3 h r .  The 

The tungs ten  and dopants  (except  f o r  hafnium and y t t r ium)  

The compacts w e r e  s i n t e r e d  i n  hydrogen 

s i n t e r e d  compacts w e r e  t hen  arc-melted s ix  t i m e s  and c a s t  i n t o  

rectangular-shaped i n g o t s  about 0.8 X 2.5 X 5.1 em,  weighing about 

150 g. For t h e  doped a l l o y s  DOP-11 and -12,  t h e  hafnium and y t t r i u m  

lumps were added t o  the lr-O.3% W dur ing  arc-melting. A few whi te  

Table 1. Nominal Concentrat ion of Dopants i n  Ir-O.3% W Alloys 

Dopants, ppm by weight 
Alloy 

Th A 1  Fe T a  Ni Rh Y Hf 

Dop-1 
2 
3 
4 
5 

7 
8 

10 
11 
12 

30 40 
30 
30 40 
30 40 

40 

60 80 
90 120 

200 40 

F i r s t  S e r i e s  

80 31 16  
80 31  16  

31 16  
80 16 
80 31  16 

Second Series 

160 32  
240 45 

80 16 

75 
7 5  
75 
75 
75 

150 
225 

75 
150 

200 
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ceramic- l ike g lobules  were observed on the t o p  s u r f a c e  of t h e  ingo t  

DOT?-8, but: no t  on t h e  rest of the i n g o t s .  Tl ie  globul.e:s are  most 

probably coinp7.es ox ides  a n d  were i n s o l u b l e  i n  ho t  NaOH,  aqua r e g i a ,  

and hafnium s o l u t i o n s .  One h a l f  of i ngo t  DOP-l0 w a s  badly  contaminated 

w i t h  copper  dur ing  c a s t i n g ,  and so  w a s  izot used. A l l o y s  DOP-7 and -8 

con ta in  double and t r i p l e  concen t r a t tons  o f  t h e  clopants i n  i30P-4 

( r e f e r r e d  t o  ass DOP-4 dopants). DOP-10 contai-.ns 170 ppm Th 

p l u s  DOP- 4 d o p a n t s .  

The as-cast a l l o y  i -ngo t s  were flrst cleaned i n  a sol .ut ion of 

aqua r e g i a  p lus  15% ilF s o l u t i o n  f o r  about 30 min., and were next  

c l a d  i n  molybdenum j a c k e t s  and sea l ed  by electron-beam weJ..diiig. 

The asseiiibl-ies w e ~ e  then  heated a t  1200.--125OoC under a partial argoi? 

atmosphere and roI. led w i t h  1~51.8% r e d a c t i o n  p e r  pass and a lO-min-- 

r e h e a t i n g  per iod .  A f t e r  a t o t a l  of 6.5% reduct:ioii,  t h e  a l l o y  p l a t e s  

(21) 25-cm-thic-k) were rmoved from t.he molybde:irim jacket: aizd c leaned  

electro1yticalJ:y i n  KCN s o l u t i o n .  A f t e r  r e c r y s t a l l i z i n g  f o r  1 h r  

a t  1300-1400"C t h e  a l l o y  p l a t e s  were wrapped i n  l o o s e - f i t t i n g  

molybdenum cover sheet: and f u r t h e r  ro1.led a t  900 t o  llOOeC t o  

0 .6-nmthick  s h e e t s .  Tlie f i -nished s h e e t s  gene-eral.1.y exhibi. ted some 

lilinor edge and end c racks ,  except  f o r  DOP-II which showed severe 

edge and sinface cracks  Microscopic examination i n d i c a t e s  that: t h e  

s u r f a c e  cracks on s h e e t  DOP-3.1. w e r e  formed along grain. boundaries .  

Th i s  observa t ion  s u g g e s t s  tha t  a l l o y i n g  1 1 9 . 3 %  W wi th  150 ppm Y 

has  a de t r imen ta l  e f f e c t  on i t s  g r a i n  boundary d u c t i l i t y  aiid Ea'ori- 

c a t i o n  p r o p e r t i e s .  Thus, the DOP-11 s h e e t  was no t  used f o r  f u r t h e r  

eva lua t ions  . 
Chemical compositions of t h e  doped a l l o y s  as desrrrntned by t-he 

SSMS ana1ysi.s show t h a t  t h e  dopant 1 eve1.s c o r r e l a t e  reasonably  

we1 1~ wLth t h e  nominal concen t r a t ions  i n  the alloys prepared by  arc- 

mel t ing  (Table 2). The A l 3  Til, and Fe c o n t z a t s  are l.ower than  Lhe 

nominal amount poss i~b ly  due t o  loss  through evaporat_i.on o r  formation 

of g l a s s y  g l o b u l e s  (as observed on t h e  ingo t  DOP-8). The a l l o y  13OP-8 

picked up a s ign i f i can t :  H n t 2 t i l i t  of i r o n ,  and DOP-lO i r o n  and copper 

dur ing  arc. mel t ing and c a s t i n g .  These a l l o y s  had a low 1.evel of 



a T a b l e  2. Chemical Analysis of Doped 1 ~ 0 . 3 %  W Alloy Sheets 

Second Series of Doped A l l o y s  Scaled-up & l l o y c  Gndopeci h l l o y C  
b F i r s t  S e r i e s  of  Doped Alloys 

Element 
WG DOP- 4 - 1 DOP-1 DOP-2 DOP-3 DOP-4 DOP-5 DOP-7 DOP-8 DOP-10 DOP-12 

A l d  LO 10 

B 3 0.1 

Ca 0.3 0.5 

C O  1 i 

Cr 5 3 

c u  1 

Fe 50 50 

I3 f ~ 0 . 3  <cJ. 3 

Mn 0.3 0 .5  

?J i 20 10 

2 0 .  2- 0.1 

P t  15 10 

7 

d 

Rhd 80 so 
XU 15 15 

s i  15  ii 

T a  20 30 

Til 15 20 

W e  

Yd a. 1 <0. 1 

20 

0 , l  

0 . 1  

1 

15 

7 

10 

10. 3 
0.5 

20 

0.1 

20 

80 

I 5  

1 5  
20 

15 

<0. 1 

20 

0.1 

0.1 

1 

15 

7 

50 

<O. 3 

0.5 

20 

0.  1 

30 

LOO 

15 

40 

io 

15 

a. 1 

20 70 

0 . 1  co. 1 

0.6 1 

1 1 

5 20 

20 15 

50 150 

10.3 <Os 3 

0 . 5  1 

20 SO 

0.3 0 . 3  

15 10 

100 100 
15 - 1 

15 3 
40 50 
<0. 5 50 

100 

CO.1 

0.3 

1 

3 

15 

600 

:G.3  

3 

50 

0.3 

30 

200 

10 

100 

20 

50 

4 . 1  

100 

<0.1 

10 

1 

3 

150 

200 

co< 3 

3 

2 3  

0.3 

20 

150 

10 

30 

20 

120  

:o. 1 

10 

0 . 1  

i 

1 

3 

5G 

1no 

120 

0 . 5  

5 

<O. 1 

20 

10 

20 

10 

10 

i1 

<0,1 

10 

0 . 5  

1 

<0.3 

Qj 

20 

15 

10.3 

0.3 

5 

70 

50 

5 

l o  
20 

<3.1 

5 
0 . 5  

1 

0 . 1  

55 

1 

5 

(0.3 

0. 1 

1 

20 

20 
5 

~ 

19 

<o. 1 

<o. 1 
aAnalysis in p a r t s  per million by spark s o u r c e  mass spectrometric method. 

b A l l o y s  were prepared by arc melting. 

‘ ~ l l o j r s  were prepa red  by e lec t ron-bean  meicing,  

dDopant eleinents w i t h  nominal concentration. 

‘Assumed t o  be 30.00 ppm in all m a t e r i a l .  
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i n t e r s t l t i a l  i m p u r i t i e s  (Table 3) and were not  s i g n i f i c a n t l y  d i f f e r e n t  

from the electron-beam melted undoped 1 1 9 . 3 %  W a l l o y .  

Mic ros t ruc tu re  and Recrystal . l fzaLisn 

T h e  doped a l l o y  s h e e t s  produced by warm-rolling between 900-1100°C 

had a f ib ruous  m i c r o s t r u c t u r e ,  Occasional ly ,  a few small r e c r y s t a l l i z e d  

g r a i n s  were observed. 

hea t - t r ea t ed  f o r  1 h r  a t  temperatures between 800 and 16QO°C t o  s tudy  

t h e i r  r e c r y s t a l l i z a t i o n  and m i c r o s t r u c t u r e ,  

temperat iires w e r e  determined m~t.11 log raph ica l  l y  (Table 4 )  and compared 

wi th  those  f o r  undoped 1 ~ 3 . 3 %  W. The r e c r y s t a l l i z a t i o n  of the undoped 

a l l o y  s t a r t e d  a t  87OOC and was complete a t  1 0 7 O O C  f o r  1 h r  heat. treat- 

ments, However, t h e  r e c r y s t a l l i z a t i o n  temperatures  of che two alloys 

wi th  a t o t a l  of 2 4 E 2 7 0  ppm dopants w e r e  1 5 0 O C  h i g h e r ,  Thus, t h e  

r e c r y s t a l l i z a t i o n  behavior of Ir-O.3% W i s  s e m i l i v e  t o  t h e  t r a c e  

elements in t h e  p a r t s  p e r  million range. 

The s h e e t  specimens of DOT-1 and -4 were vacuum 

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

The r e c r y s t a l l i z e d  doped a l l o y s  had a f e w  second-phase parflicles 

d i s t r i b u t e d  uniformly throughout t h e  g r a i n s .  The doped a l l o y s  had an 

e longated  g r a i n  strucfliire when r e c r y s t a l l i z e d  which became eqniaxed 

a f t e r  h e a t  t r ea tmen t s  above 1 5 0 0 O C .  

Table 3 .  I n t e r s t i t i a l  Content of Doped I s - - O . 3 %  W Alloys 

... ...... -.1_ 

a I n t e r s t i t i a l  ConteniL:, pp~ii by weight 
...... ._..c Alloy ._.. 

C H N 0 

6 3 1 14 
I_____. ....... .... ..... 

b DOP-1 

8 2 3 10  b DOP-4 

9 1 1 5 C Undoped 
..... -. 

a Determined by vacuum f u s i o n  a n a l y s i s .  

bArc-nel ted 
C El.eetron-beam melted 



9 

Table 4 .  Effect of 1 hr Heat-Treatment on the 
Recrystallization of DOP-I., DOP,-4, 

and Undoped 1 ~ 0 . 3 %  W Alloys 

Temperature for Indicated Percentage 
of Recrystallization, * C  Alloy 

OXb 100Zb 

DOP- 1 1000 1230 

DOP- 4 1000 1230 

Undoped 870 1070 

%arm rolled between 900-llOO"C. 

bpercent of recrystallization. 

Tensile Properties 

Specimens with a gage section of 0.318 cm wide by 1.3 em long 

and with a 0.310-cm-diam pin hole were blanked from O.OfS-O.08-cm-thick 

stock for tensile testing. The blanked specimens were polished 

on 400-8 Sic paper, pickled in an aqua regia p l u s  RF solution, then 

heat-treated for 1 hr at 1500OC in vacuum, 
above room temperature were heated by radiation from an inductively 

heated tantalum susceptor under a vacuum of less than 1 X loe3 Pa. 

A Pt vs Pt-10% Rh thermocouple centrally located in the specimen 

monitored the temperature. After a 15-min holding time at the  t e s t  

temperature, tests were made on an Instron testing machine at a 

strain rate of 0.26-3.51 cm/min (0.1-0.2 in./min). 

Tensile specimens tested 

The tensile properties of the first series of doped alloys 

were measured at room temperatures, 650, 760, 1093, and 1370'C 

(Table 5 ) ;  and compared with undoped Ir-0.32 W alloy (lots WG and 
WC) prepared from electron-beam melted and drop-cast ingots, The 

yield strength of the doped alloys DOP-1 to -5 is higher than that 

of the undoped alloy by about 50% at all test temperatures. Alloys 

DOP-1 to -4 had the same level of tensile strength arid elongation 
as the undoped a l l o y ,  The elongation of DOP-5 containing no thorium 

was lower than the a l loys  doped with 30 ppm Th. 



a 
Table 5. Tensile Properties of the Firs i :  Series 

A l l o y  

d 

d 
Undoped (WC) 

Undoped (\.IC) 

DOP-le 

-ze 
- 3e 

-4e  

-5e 

Undoped (WC) 

Uiidoped (UG) 

DOP- 1 

-2  

- 3  

-4 

- 5  

Undoped (WC) 

Undoped (WG) 

DOP- 1 

-2  

-3 

-4 

- 5  

Undoped (WC) 

Undoped ( I C )  

DOP- 1 

-2 

- 3  

-4 

-5 

Undoped (WC) 

Undoped (WG) 

DOP-1 

-2  

- 3  

-4  

- 5  

__ ~ .... --__---__ - 

E l o n g a t  i o n  S t r e n g t h ,  E a  ( k s i )  

Y i e l d  T e n s i l e  
___~.-~- - -  __ 

( Z )  

~~ ~~~~ ~~~~ ~ - -  ~ 

Room T e m p r n t u r e  . _ ~ _ _  

8 4 . 8  ( 1 2 . 3 )  4 0 0 . 3  (58.1) 1 2 . 9  

8 1 . 3  ( 1 1 . 8 )  4 3 1 . 3  ( 6 2 . 6 )  1 4 . 2  

1 2 1 . 2  ( 1 7 . 6 )  4 2 7 . 9  ( 4 2 . 1 )  1 2 . 2  

1 0 3 . 4  ( 1 5 . 0 )  3 4 7 . 3  ( 5 0 . 4 )  1 0 . 4  

1 1 0 . 2  ( 1 4 . 0 )  4 1 6 . 9  ( 6 0 . 5 )  1 1 . 6  

1 2 0 . 6  (17 .5)  4 4 5 . 1  ( 6 4 . 6 )  1 3 . 1  

1 1 7 . 8  ( 1 7 . 1 )  3 8 1 . 7  ( 5 5 . 4 )  1 0 . 3  

_. 650°C~ 

6 5 . 5  ( 9 . 5 )  4 1 4 . 1  ( 6 0 . 1 )  2 3 . 3  

5 1 . 0  ( 7 . 4 )  4 8 7 . 8  ( 7 0 . 8 )  3 0 . 1  

9 7 . 1  ( 1 4 . 1 )  4 9 2 . 6  ( 7 1 . 5 )  2 9 . 4  

79 .9  ( 1 1 . 6 )  4 5 8 . 9  ( 6 6 . 6 )  2 5 . 9  

8 3 . 4  ( 1 2 . 1 1  4 7 1 . 9  ( 6 8 . 5 )  27 .6  

9 6 . 5  ( 1 4 . 0 )  4 6 2 . 3  ( 6 7 . 1 )  31.7 

9 6 . 5  ( 1 4 . 0 )  4 3 4 . 1  ( 6 3 . 3 )  22 .2  

L6O0C 

6 1 . 3  ( 8 . 9 )  4 4 5 . 1  ( 6 4 . 6 )  3 9 . 8  

46 .9  ( 4 . 8 )  4 4 1 . 0  (64.0) 39.3 

1 0 6 . 1  ( 1 5 . 4 )  4 5 0 . 6  ( 6 5 . 4 )  3 7 . 9  

9 4 . 4  ( 1 3 . 7 )  4 2 3 . 7  ( 6 1 . 5 )  3 8 . 2  

9 5 . 1  ( 1 3 . 8 )  4 2 5 . 1  ( 6 1 . 7 )  3 3 . 1  

1 0 0 . 6  ( 1 4 . 6 )  4 2 5 . 8  ( 6 1 . 8 )  3 5 . 2  

8 3 . 4  ( 1 2 . 1 )  4 1 4 . 1  ( 6 0 . 1 )  2 7 . 3  

lo= 
4 4 . 8  ( 6 . 5 )  2 7 6 . 3  ( 4 0 . 1 )  5 7 . 6  

4 6 . 2  ( 6 . 7 )  2 4 9 . 4  ( 3 6 . 2 )  5 5 . 6  

6 3 . 4  ( 9 . 2 )  2 8 1 . 1  ( 4 0 . 8 )  49 .4  

5 8 . 6  (8.5) 2 7 5 . 6  ( 4 0 . 0 )  45 .2  

6 8 . 2  ( 9 . 9 )  261 .8  ( 3 8 . 0 )  5 2 . 9  

4 9 . 6  ( 1 0 . 1 )  254 .9  ( 3 7 . 0 )  4 8 . 2  

62 .7  ( 9 . 1 )  2 6 0 . 4  ( 3 7 . 8 )  4 2 . 3  

1370OC __ 
3 4 . 5  ( 5 . 0 )  1 8 1 . 2  ( 2 4 . 3 )  54 .2  

7 3 . 0  ( 1 0 . 6 )  1 9 0 . 9  ( 2 7 . 7 )  5 4 . 4  

3 8 . 6  ( 5 . 6 )  1 7 7 . 8  ( 2 5 . 8 )  5 5 . 2  

5 0 . 3  ( 7 . 3 )  1 8 5 . 3  ( 2 6 . 9 )  52 .9  

5 1 . 0  ( 7 . 4 )  1 8 1 . 9  ( 2 6 . 4 )  56.0 

53.1 ( 7 . 7 )  1 8 1 . 9  ( 2 6 . 4 )  5 2 . 2  

5 6 . 5  ( 8 . 2 )  1 7 7 . 1  ( 2 5 . 7 )  1.5.0 

b 
of lrO.3% W Alloys 

F r a c t u r e  Mode' 

M a i n l y  GRS 

Mainly GBS 

Main ly  GBS 

Y a i n l y  GES 

Main ly  GBS 

Mainly  GBS 

Mainly  GBS 

Y a i n l y  G S S  

M a i n l y  GBS 

TF(Ma) and GBS ( M i )  

'l'F(Ma) and GBS ( X i )  

'Tf(Ya) and G R S  (Mi) 

Y a i n l y  TF 

TF and  GRS 

GBS and  'Ti; 

GBS (Ma) and  TF (Mi) 

TF 

TF 

TF 

'r F 
Mainly  TF 

DR 

DR 

DR 

DR 

DR 

DR 

DR 

DR 

DR 

DR 

DR 

DR 

DR 

DR 

a T e s t e d  a t  a c r o s s h e a d  s p e e d  of  0 . 0 5  t o  0 . 2  i n . / m i n  i n  vaculim 

b S h e e i  s p e c i m e n s  were a n n e a l e d  1 h r  a i  1500OC b e f o r e  t e s t i n g .  

'GBS .-: g r a i n - b o u n d a r y  s e p a r a t i o n ,  TF = t r a n s g r a n u l a r  f r a c t u r e ,  
DP. = d u c t i l e  r u p t u r e ,  M i  = minor  f r a c t i o n ,  and  Ma = m a j o r  f r a c t i o n .  

dundoped a l l o y  p r e p a r e d  by e l e r t r o n - b e x n  m e l t i n g  and  d r o p  c a s t i n g  

el)oped a l l o y  p r e p a r e d  hy a r c  m e l t i n g  and  r e g u l a r  c a s t i n g .  



Fracture surfaces were  examined by o p t i c a l  andlor scanning 

electron microscopy. 

grain-boundary separation (GBS) at room temperature; however, the 

doped a l loys  had m o r e  transgranular fracture (TF) e A t  650°C ~ GBS 

W ~ S  s t J L 1  the dominant node of fracture f o r  the undoped alloy 

[F ig .  2(a>],  w h i l e  mainly TF o r  mixture of TF (major) and GBS (minor) 
was the fracture mode f o r  the dopeed a l l o y s .  The D(3P-4 (containing 

ria tantalum) is the only doped i d l a y  showing mainly TF fraetiire at 

650°C [Fig.  2(b)!. A t  7 6 Q " C ,  the undoped alLoy showed a mixture of 

The doped and widoped a l l o y s  had p r  imariPy 

P i g ,  2. SEN Fractograpli of Tensi1.e Specimens Fractured at 
65O'F; (a> Undaped WG, and (b) DOP-4. 3OOx. 
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GBS and TF, wh i l e  t h e  doped a l l o y s  DOP-1 t o  -4 exh ib i t ed  almost 

complete TF. 

temperatures;  i n  f a c t ,  a l l  a l l o y s ,  whether dopcd o r  n o t ,  exh ib i t ed  

d u c t i l e  rup tu re  wi th  r educ t ion  j n  area c l o s e  t o  100% a t  1093 and 

1370°C.  

The i n t e r g r a n u l a r  f r a c t u r e  was no t  observed a t  h igher  

Pour important  c o r r e l a t i o n s  can be  made bctween t he  f r a c t u r e  

behavior  and dopant composition (Table 5 ) :  

1. 

2. 

3 .  

4 .  

Doping of 1 ~ 0 . 3 %  TJ with s m a l l  amounts of A l ,  Fe ,  T a ,  Th, Ni and 

Rh a t  a level less than 100 ppm appa ren t ly  a f f e c i s  t h e  mechanical 

p r o p e r t i e s  of the g r a i n  boundary and suppresses  i n t e r g r a n u l a r  

f r a c t u r e  a t  lower temperatures .  

T e s t  r e s u l t s  (Table 5) sugges t  Lhat s e v e r a l  elements r a t h e r  than 

jusL one may c o n t r i b u t e  t o  t h e  o v e r a l l  change i n  t h e  f r a c t u r e  mode. 

Thc element which most effective1.y suppresses  GBS i n  Y1--0.3% i s  

LIiorium, whi le  t h e  element which may have a dc t r imen ta l  e f f e c t  

i s  tantalum. 

The a l l o y  w i t h  most r e s i s t a n c e  t o  GAS is  DOP-4 which w a s  doped 

wi th  40 ppm A l ,  80 Fe, 30 Th ,  16 N i ,  and 75 Kh. 

To determine t h e  optimum amount of DOP-4 dopants ,  a second 

series of doped a l l o y s  was prepared (Table I). 

double and t r i p l e  the amounts o f  DOP-4 dopants ,  r e spec t ive ly .  The 

nominal amount o f  thorium ( the  most b e n e f i c i a l  dopant) w a s  increased  

i n  DOP-10 (200 ppm) compared t o  DOP-4 (30 ppm). Unfortunately the 

DOP-10 a l l o y  was contaminated wi th  copper and i r o n  dar ing  arc-melting. 

The f r a c t u r e  behavior  ( i n  terms of percent  of TP) of DOP-7, -8, -10, 

and -12 (doped w i t h  200 ppm Nf a lone)  can be compared wi th  t h a t  of 

DOP-4 and t h e  undoped a l l o y  a t  6 5 0  and 7 6 0 ° C ,  t h e  temperatures  where t h e  

f r a c t u r e  mode i s  most s e n s i t i v e  (Pig.  3 ) .  T h e  DOP-4 a l l o y  i s  most 

res:i.stant t o  i n t e r g r a n u l a r  f r a c t u r e  at t hese  t w o  temperatures  ( F i g .  3 ) .  

Thus, t he  optimum concen t r a t ion  of dopants should be somewhere around 

t h e  DOP-4. l e v e l s .  The f rac ture .  behavior  of DOP-12 i s  not  d i f f e r e n t  

from the  undoped a l l o y ,  i n d i c a t i n g  t h a t  doping wa'.th 200 ppm H f  does 

n o t  improve t h e  f r a c t u r e  behavi-or of Ir-0,3% W a l l o y .  

DOP-7 and -8 contained 
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Table 6. Tensile Properties of DOP-4 and Undoped 1 ~ 0 . 3 %  W Alloys" 
Fabricated from the Same Iridium Powder (WG) 

b F rac tu re  Mode Elongat ion 
( X )  

S t r e n g t h ,  Mf'a ( k s i )  

Yield Tens i l e  
^ Heat 

WG-202cd 
DOP-4-1 
DOP-4-3' 

WG-202 
DOP-(+-1 
DOP-4-3 

WG202 
DOP-4-1 
DOP-4-3 

WG-202 
DOP-4-1 
DOP-4-3 

WG-202 
WP-4-1 
DOP-4-3 

81.3 (11.8) 
108.9 (15.8) 
95.1 (13.8) 

51.0 (7.4) 
68.9 (10.0) 
64.1 (9.3) 

46.9 (6.8)  
60.6 (8.8) 
59 .3  (8.6)  

46.2 (6.7) 
55.8 (8.1.) 
59.9 (8.7)  

38.6 (5.6)  
46.2 ( 6 . 7 )  
40.7 (5 .9 )  

Room Temperature ... __ 
431.3 (62.6) 14.2 
500.2 (72.6) 15.3 
485.1 (70.4) 15.6 

W!!-C 
487.8 (70.8) 30.1 
553.3 (80.3) 36.0 
542.9 (78.8)  35.7 

760°C 

441.0 (64.0) 39.3 
474.0 (68.8) 50.0 
b65.1 (67.5) 4 7 . 1  

l022:!; 
249.4 (36.2) 55.6 
280.4 (40.7) 58.2 
268.0 (38.9)  58.8 

1370°C 

177.8  (25.8) 55.2 
191.5 (27.8) 60.7 
187.6 (27.2) 58.1 

Mainly GBS 
Mainly GBS 
Mainly GBS 

Mainly GBS 
GBS (Ma) and TF ( M i )  
GBS (Ma) and TF ( M i )  

CBS (Ma) and 'YF (Mi) 
rF  
I'F 

Dn 
DR 
OR 

DR 
DK 
DR 

_. ^ _ _ _  . ___ ._. _- _____I 

aSpecimens annealed 1 h r  a t  1500°C. 

bCBS = g r a i n  boundary s e p a r a t i o n ;  TF - t r ansg ranu la r  f r a c t u r e ;  Ma = 

'Undoped I d . 3 %  W prepared from electron-beam melt ing and drop 

dDoped 1 ~ 0 . 3 %  W prepared from electron-beam melt ing and drop c a s t i n g  

eDoped 1 ~ 0 . 3 %  W prepared from electron-beam melt ing and drop c a s t i n g  

major f r a c t i o n ;  M i  = minor f r a c t i o n ;  and DK = D u c t i l e  rup tu re .  

c a s t i n g  of WG powder compacts. 

of WC powder compacts w i th  DOP-4 add i t ions .  

of recycled heads and s k u l l s  f r o m  i n g o t s ,  DOP-4, -1, arid -2. 

ORNL-DWG 77-12944 

760 "C 

650°C 

UPIDOPED DOP-4 DOP-7 DOP-B OOP-(O OOP-(2 

Fig. 3, Fracture Behavior o f  Doped and Undoped Alloys Tensile 
Tested at 650 and 760°C at Slow Strain Rate (1 X lo-' m/s). 



SCALE-UP STUDY OF DOP-/: 1r-O. ?Z W 

The screening  s tudy  i n d l c a t e d  t h a t  P K P - 6  al_l.oy was most r e s i s t a n t  

t o  t h e  b r i t t l e  grain-boundary f r a c t u r e ,  so t h i s  a l l o y  was chose2 f o r  

a scale-up s tudy .  T h e  purpose of this strudy was t o  f u r t h e r  eva1uat.e 

t h e  al.loy' s f a b r i . c a b i l i t y ,  me:aI.l.urigj.cal p r o p e r t i e s  (such as micro- 

s t r u c t u r e  and grain-growth behavior)  , texsj . le  propert- ies ,  and i.mpact 

behavior .  The l a t t e r  eva lua t ion  involved a n  u n i a x i h l  impact tes t  

developed a t  O W L  as we1.l- as the  FSA-Type impac t  test r q u i r e d  f o r  

q u a l i f i c a t i o n  of t h e  MkRJ h e a t  source .  

Alloy bu t tons  weighing 530 g w e r e  p repa red  by b o t h  arc mel t ing  

and electron-beam mel t ing  of I r - - O .  7% bJ s b t e r e d  conpactrs w i t h  t h e  

DOP-4 add i t ions .  An examination o f  the a l l o y  bu t tons  revca7.ed s m a l l  

g l a s s y  oxide g lobules  on  the s u r f a c e  of a r c  melted bu t tons  bu t  izvt 

on the EB melted but tons .  The g l a s sy  subs tance  was deterriiiized by 

SSMS t o  be  a coiiiplex oxide of m o s t l y  Ca, Al. ,  an? Th, A l . s o ,  t h e  a l l o y  

bu t tons  and i n g o t s  occ.3sioLially picked up hfgh Lsvels o f  Pe ,  Cut C r ,  

N i ,  and P dur ing  are-melt tng.  8ec3use of t h e s e  problems, t h e  ai-(:- 

mel t ing  method w a s  dropped from the  seal-e-up s tudy .  

Four h e a t s  of DOP-4 Tr - - -O .3% a l l o y ,  des igna ted  as UOP-4,.1 t o  - 4 ,  

were prepared by EB inel t ing and drop--rasI;ing i n t o  1 , 9  x 1-.9 x 5 . 4  c m  

i-ngots,  The , ingots  DOP-4-1. and -2 were prepare:] froiii 1.00% sintered 

compacts, DOP-4-3 from 100% recyc led  heads and s k u l l s  from i n g o t s  

DOP-4-1  and -2, UOP-4-4 from 50% s i n t e r e d  cornpacts and 50% recyc led  

s k u l l  and heads from ingo t  PN3P-4-3. The Four i n g o t s  were c l a d  i n  a 

.molybdenum frame and cover p l a t e ,  and ho t - ro l l ed  to 0.81-va-thick 

sheets betwien 850 and 1200°C accord ing  t o  t h e  s a m e  procedure devel-oped' 

p rev ious ly  f o r  f a b r i c a t i o n  a€ undoped 1 ~ - - 0 . 3 %  W shectls used f o r  space 

f l i g h t  system hardware. The f a b r i c a t e d  sheets w e r e  then  sec t ioned  .-.- 

a p a r t  was used f o r  eva lua t lon  of metaJ.lurgica1~ and mechanical p r o p e r t i e s  

a t  ORKL; the o t h e r  p a r t s  w e r e  furthcir  f a b r i c a t e d  f r o  6.03-cm-diarn by  

0.0645-cm-thi.ck b lanks  f o r  hemishiePl forming a t  Glound Research L a b s  (MIX,) 

and f a r  capsule  impact tes t  a t  GE. 

-I.~- ....I_ 

'OD. N .  Braski and A .  C. Schaffhauser ,  Pi-oduetioiz o$ I H . 3 %  W Disks 
md FoiZ, OWL-TM-4865 (Apr i l  1 9 7 5 ) .  
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The m i c r o s t r u c t u r e  of t h e  DOP-4 s h e e t s  w a s  examined metal lographi-  

c a l l y  a f t e r  short- term h e a t  t r ea tmen t s  between 1.200 and 1800°C, A 

comparison of t h e  m i c r o s t r u c t u r e  of DOP-4 w i th  undoped (WG) specimens 

h e a t  t r e a t e d  a t  1400 and 1 5 O O 0 C  (Fig.  4 )  shows t h a t  a f t e r  a I h r  

annea l  a t  1400 and l5OO0C, t h e  DOP-4 spec-imens [Pig.  4(b,d)’J  had an 

elongated g r a i n  s t r u c t u r e  wi th  some second-phase p a r t i c l e s  d i s t r i b u t e d  

i n  t h e  gra ins  o r  on g r a i n  boundaries.  By comparison, WG specimens 

[Fig.  4 ( a , c ,  and e ) ]  e x h i b i t e d ,  more o r  less,  an equiaxed g r a i n  s t u r c t u r e  

wi th  v i r t u a l l y  no p r e c i p i t a t e .  

DDP-4 a l l o y  decreased w i t h  i n c r e a s i n g  annea l ing  t i m e  [F ig .  4 ( f ) J  and 

temperature.  The g r a i n  s i z e  of DOP-4 and WG w a s  measured as a f u n c t i o n  

of h e a t  t r ea tmen t  (see Table  9 ,  p .  25). The DOP-4 a l l o y  always had a f i n e r  

g r a i n  s t r u c t u r e  than t h e  undoped a l l o y ,  i n d i c a t i n g  t h a t  t h e  DOP-4 

dopants r e t a r d e d  g r a i n  growth i n  Ir--0.3% W. 

i n  g r a i n  s t r u c t u r e  among t h e  four DOP-4 s h e e t s .  

The degree of g r a i n  e longa t ion  i n  

There i s  no major d i f f e r e n c e  

The t e n s i l e  p r o p e r t i e s  of t h e  DOP-4 s h e e t s  DOP-4-1 and - 3  w e r e  

measured a t  a s t r a i n  rare  of 5.1 mm/min (Q4 X m/s) i n  vacuum a t  

room and e l eva ted  temperatures .  The t e n s i l e  d a t a  (Table 6) are com- 

pared wi th  those  of undoped 1 ~ 4 . 3 %  W a l l o y  WG prepared from t h e  same 

i r i d i u m  powder and us ing  t h e  same mel t ing  and f a b r i c a t i o n  schedules .  

The s t r e n g t h  and e longa t ion  of t h e  DOP-4 sheets are h i g h e r  t han  those  

of The undoped WE, p a r t i c u l a r l y  a t  lower temperatures .  The f r a c t u r e  

s u r f a c e  of t h e  DOP-4 specimens w a s  examined and compared wi th  WG 

specimens (Table 6 and Fig.  5 ) .  A t  76OoC, DOP-4-1 showed TF wi th  a 
high degree of secondary cracking wh i l e  WG e x h i b i t e d  a mixed f r a c t u r e  

mode: w i t h  GAS as a major f r a c t i o n .  The DOP-4 material is  more r e s i s t a n t  

t o  t h e  i n t e r g r a n u l a r  f r a c t u r e ,  confirming t h e  r e s u l t s  ob ta ined  from 

t h e  primary s tudy (Table 51,  However, due p o s s i b l y  t o  a loss of a p a r t  

of low-melting dopants (SSMS a n a l y s i s ,  Table 2) on EB melt ing,  t h e  

improvement of f r a c t u r e  behavior  a t  6SOOC i s  less chan t h a t  of t h e  

DOP-4 a l l o y  prepared from arc-melting. 

. . , . . . . . . . . , ................................ . . . . . . . . . . . . . . . . . . . . . .......,...... . , . . . , . . . . . - . . 
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Y-143102 

I 

/ , I 

Y-135708 

( f )  ( e  

(b) DOP-4 specimens annealed 1 hr at 1400”C,  (c) WG and (a) DOP-4 
specimens annealed 1 hr at 1 5 O O 0 C ,  (e)  IJG and ( f )  DOP-4 specimens 
annealed 1.9 hr at 1500°C. Reduced lh%. 

Pig. 4 ,  Microstructures of T d . 3 %  w Alloys, 1 0 0 ~ .  (a) WG and 
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Fig ,  5, Scanning Electron Microscope Fractograph of (a) Undoped 
Wcr (b) DOP-4 Tensile Specimens Fractured at 76O'C, 300x. 
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C ~ ~ C T E K P Z A T P O N  OF T?AFACT PROPERTIES OF' DOP--.4 AND IJNDOPED (WG) ALLOYS 

The containment materials f o r  i s o t o p i c  f u e l s  must su rv lve  re -en t ry  

impact i n  case of an abor ted  space  aii.ssion. T o  chax-acter ize  t h e s e  

materials a t  h igh  s t r a i n  rates, equipment has been developed f o r  impact 

t e s t i n g  a t  v e l o c i t i e s  t o  300 f p s  and tempertures  t o  14QO°C. The impact 

proper t i -es  of lr-Q.3% W ,  bo th  DOT-4 and undoped WG, were determined as 

a funct ioi i  of impact v e l o c i t y ,  t es t  temperature ,  g r a i n  s i z e ,  and long- 

t e r m  h e a t  t rea tment .  

Impact Equipment 

The o v e r a l l  view of t h e  equiptirent used f o r  t h e  u n i a x i a l  t e n s i l e  

impact t e s t  is showri i n  Fig.  6. Thp impact load is imparted t o  t h e  spec i -  

men by an a i r -d r iven  p r o j e c t i l e .  The impact equipment c o n s i s t s  of foul- 

major p a r t s :  (1) a 7.62-cm-diam gas gun t o  a e c c l e r a t e  the p r o j e c t i l e  

and i t s  carr ier  a t  v e l o c i t i e s  t o  300 f p s ,  ( 2 )  impact chamber t o  t e s t  

specimens i n  c o n t r o l l e d  atmosphere (such as argon o r  hel ium),  ( 3 )  an 

induc t ion  h e a t i n g  system t o  h e a t  specimens up t o  1400°C, and ( 4 )  a 

specimen r i g  t o  load  specimens f o r  impact t es t .  The gas  gun had been 

c a l i b r a t e d  by v a r i o u s  t iming systems i n  t h e  I so topes  Div is ion  of O R K  

and t h e  Process  Equipment Company. ' ' A correl  a t i o n '  * exi s t s  between 

f i r i n g  p r e s s u r e  and tire k i n e t i c  energy of p r o j e c t i l e  and t t s  carrier 

(Fig.  S), where 

p = f i r i n g  p res su re ,  p s i ;  

M = weight of p r o j e c t i l e  and i ts  carrier, l b ;  and 

V = v e l o c i t y  of p r o j e c t i l e  and its car r ie r ,  f p s .  

Thus, t h e  velocity of p r o j e c t i l e  can b e  determined from the f i r i n g  

p r e s s u r e  and "Lie weight of t h e  p r o j e c t i l e  and i t s  carrier. 

The speciinens f o r  t h e  t e n s i l e  impact t es t  w e r e  loaded between 

two molybdenum a l l o y  (TZM) p u l l  rods  and an  end p l a t e  (Fig.  8). T h e  

"Tipp C i t y ,  Ohio. 

12Tnformation and data obta ined  f r o m  D .  W. Kamey, I so topes  Div i s ion ,  
Oak Ridge  Na t iona l  T,aborakory. 
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Fig. 6. High-Temperature Impact Test Equipment Used at ORNL, (a) 
Impact control console, (b) gas gun (in loading position) (c) gas tanks, 
(dl missile chamber, (e) induction unit, (f) induction coil, (g) impact 
chamber, and (h) mechanical pump. 
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CAU-TION CURVE FOR THE IMPACT TEPTINO Q U l l  

Fig.  7. C o r r e l a t i o n  Between F i r i n g  P res su re  and Kine t i c  Energy of 
p r o j e c t i l e  and its carrier. 

Y-I267 52 
A 

Fig. 8. Arrangement of Sheet Specimens f o r  T e n s i l e  Impact T e s t .  
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specimens were heated by radiation from an inductively heated tantalum 

susceptor, and the temperature was monitored by a pt vs Pt-10% RH 

thermocouple centrally located on the specimen. 

were heated to the desired temperature, the air-driven projectile 

was fired at a known velocity to break the specimens. The impact 

elongation and fracture mode were determined from an examination of 

the broken specimens. 

When the specimens 

Impact Results 

The impact properties of DOP-4 and undoped (WG) IrO.3% W alloys 

were evaluated as a function of impact velocity, test temperature, 

grain size and heat treatment. 

Impact Velocity Effect 

DOP-4 and WG specimens were tested at various velocities to 

determine the effects of strain rate on their tensile impact properties. 

All the specimens were recrystallized for 1 hr at 15OO0C, then impact 

tested at 135OOC (Table 7 and Fig. 9 ) .  Both alloys had about 45% 

uniform elongation and close to 100% reduction of area at a slow 

strain rate of 10-4m/s (3.3 X fps). The tensile impact properties 

of undoped WG specimens depend strongly on test velocity (Fig. 9). The 

ductility of WG specimens decreases sharply with an increase in test 

velocity, and drops to around 10% elongation at about 90 m/s (300 fps). 

By comparison, the impact properties of DOP-4 depend much less on velo- 

city. DOP-4 specimens remained ductile and had 37% elongation and 90% 

reduction of area at 85 m/s (280 fps). 

The effect of test velocity on fracture behavior of 1~0.3% W 

alloys is shown in Fig. 10 and Table 7. WG specimens exhibited ductile 

rupture with necking to a knife edge at the slow strain rate, but 

fractured by TF without apparent necking at 30 m/s (100 fps). 

tendency for intergranular fracture increased with further increases 

in test velocity, and WG specimens fractured mainly by GBS at 85 m / s  

(280 fps) (Fig, lo). The fracture morphology and low ductility of 

The 
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Table 7. Effect of Test Velocity on Tensile Impact 
Properties of DOP-4 and Undoped (WG) 

1 ~ 0 . 3 %  W Sheet Specimensa 
Impact Tested at 135OOC. 

b Reduct ion 
Test Velocity Elongation of Area Fracture Mode 

(%I [m/s (fps)l (%) 

WG Specimens 

10-4(3 x 43.5 %loo DR 
30 (100) 34.3 40.2 Mainly TF 
46 (150) 27.8 36.7 TF(Ma) and GBS(Mi) 
61 (200) 16.8 24.0 Mainly GBS 
85 (280) 12.6 28.0 Mainly GBS 

DOP-4 SDecimens 

10-~(3 x 10'~) 46.0 %loo DR 
30 (100) 41.5 75.0 DRY TF 
46 (150) 43.1 94.0 DR 
61 (200) 36.3 95.0 DR 
85 (280) 37.6 94.0 DR 

Specimens annealed 1 hr at 15OOOC before impact test. 

GBS = grain-boundary separation, TF = transgranular 

a 

b 

fracture, DR = ductile rupture, Ma = major fraction, and 
Mi = minor fraction. 

ORNL-DWG 75-9082R2 
50 
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Fig. 9. Impact Elongation and Reduction in Area of DOP-4 and WG 
Specimens as a Function of Test Velocity. 
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PHOTO 7210-75 

W G - 2 0 2  

DOP-4-1 

TENhILE T t S T  A T  1033°C UNIAXIAL JMPACI AT 1350°C CJNlAXlAL IMPACT AT 1350°C 
AND i p s ,  4ox AND 280 fps; 4 0 X  AND 290 f p s ;  300X 

Fig, 1.0. Effect of S t r a i n  R a t e  on Fracture Mode of Undoped (WG-202) 
and Doped (DO??--4-11 Ir-O.3X W. 

WG specimens tensile i.nqmct tested at 1350°@ and 85 m / s  are similar to 

those observed on t h e  Trr13.3% W PTCS of FSA impact tes ted under the  

same cond i t ions ;  t h e r e f o r e ,  t h e r e  i s  IPO doubt  that t h e  b r i t t l e  f ra .ccure 

associated with t h e  impact of PTCS is due. to the high strain rate 

effect. DOP-4 specimens showed duct%le rupture w i t h  a high  reduct ion 

of area a t  a l l  s t r a i n  ra tes  (Flg .  1.0). Thus, t h e  DOP-4 a l l o y  has much 

bet ter  i m p a c t  res is tance. 

I K I D ~ C ~  Tenmerature E f f e c t s  

IJG and DOP-4 s p c e i m m s  were heat t reated 1 hr at, 15UcB°C, and impact 

tested in the range of 950--1350°C t o  determine the effccts of Lempernture 

on Impact properties. A11 the spccinens w e r e  impacted a t  85 m/s (280 f p s )  

(Table E!>, Impact elongation is p l o t t e d  as a func t ion  of test temperature 

(F ig .  11). The impact prr)perties of b X  and DOP-4 speclm~ns are no t  

sensitive to tempcrature above l200'C; however, below tliis temperature 
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Table  8. E f f e c t  of T e s t  Temperature on Tensile Impact P r o p e r t i e s  
of DOP-4 and Undoped (IJG) Ir-O.3% W Sheet Specimensa 

Tested a t  85 m / s  (280 fps )  

b Reduction 
of Area F rac tu re  Mode Temperature Elongat ion 

(XI ("0 (a 
WG Specimens 

1350 12.6 28  Mainly GBS 
1250 12 .5  22 Mainly GBS 
1250 13.7 2s Mainly GBS 
1250 14.3 31 Mainly GBS 
1150 8.6 18 Mainly GBS 
1050 5.4 1 3  Mainly GRS 

950 4.5 12  Mainly GBS 

DOP-4 Specimens 

1350 37.6 94 DR 

1150 21.5 54 TF 
1250 38.2 82 DR 

LO 50 15.2 44 TF 
1050 13.6 25 GBS and TF 

10.3 24 Mainly GBS 
-̂ _.I- 

950 

a 
-.-_ 

Specimens hea t - t r ea t ed  1 h r  a t  1500°C be fo re  impact 

GBS = grain-boundary s e p a r a t i o n ,  TF = t r ansg ranu la r  

test ,  
b 

f r a c t u r e ,  and DR = d u c t i l e  r u p t u r e ,  

40 

3 0  - 
8 

0 5 20 

- 
z 

0 
Z 

I: 
W 

10 

0 

ORNL-- DWG 76 -3004R ___._. . T- I l 

u _____... 

900 1000 1100 1200 1300 1400 
IMPACT TEMPERATURE ("C) 

Fig. 11. Impact Elongat ion as a Funct ion of Impact Temperature 
f o r  DOP-4 and Undoped (WG) 1r-O I 3% W Alloys.  
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t he  d u c t i l i t y  dec reases  f o r  both  a l l o y s .  

than WG a t  a l l  temperatures .  

GHS a t  t h e s e  tempera tures ,  wh i l e  t h e  f r a c t u r e  mode of DOP-4 changed 

from d u c t i l e  r u p t u r e  above 12OO'C t o  mixed CBS and TP at 1050OC and 

t o  mainly GBS a t  950°C. 

DOP-4 w a s  n~each more d u c t i l e  

The WG specimens f r a c t u r e d  mahly  by 

Grain S i z e  Effect 
~-11--11_ 

The impact p r o p e r t i e s  of DOP-4 and WG may be  given as a func t ion  of 

g r a i n  s i z e  produced by short- term hea t  t rea tments  between 1300-1800°C 

(Table 9 and Fig. 1 2 ) .  

cond i t ions ,  f o r  example, 8.5 m/s (280 f p s )  and 1350'C. T h e  impact elonga- 

t i a n  of WG specimens dec reases  cont inuous ly  wi th  inc reas ing  g r a i n  s i z e ,  and 

reduces t o  about 4% wi th  2 o r  3 g r a i n s  a.c.ross the specirrien. 

of DO?-4 i s  n o t  s e n s i t i v e  t o  g r a i n  s i z e  :in t h e  fine g r a i n  s i z e  range ,  but  

t h e  d u c t i l i t y  decreases  i n  t h e  coarse gra in  s i z e  range. A t  a given g r a i n  

size, t h e  impact d u c t i l i t y  of DOP-4 is  mcich b e t t e r  than f o r  t h e  WG spec i -  

~ w n s  e This  s t r o n g l y  sugges t s  t h e  possibl .e improvement of g r a i n  boundary 

s t r e n g t h  i n  DOP-4 a l l o y  rhrough s e g r e g a t i m  of dopants a t  t h e  boundaries .  

A l l  t h e  specimens w e r e  impact t e s t e d  under t h e  same 

The d u c t i l i t y  

Table  9. E f f e c t  of Grain S i z e  on Tens i l e  Impact P r o p e r t i e s  

Tested at 85 m / s  (280 f p s )  and 1350OC 
of DOF-4 and Undoped (WG) Ira. 3% W Sheet Specimens 

Fracture 
Modeb 

Grain Sirea Redus t ion Hear TreaCment 

of Area ~~ 

(%) Temperature Time (%) (hr, Average Range 
("C) 

1700 
1400 
1500 
1500 
1500 
1700' 
1800d 
1800d 

1900 
1300 
1400 
1500 
lS00 
1700d 
lBOOd 

1 19.7 
1 13.8 
1 10.7 
19 5.8 
19 5 . 8  
1 4.1 
1 2.4 
1 2.4 

1 26.9 
1 26.9 
1 2 5 . 0  
1 19.2 
19 9.9 
1 6.1 
1 3 . 8  

.- WG &ecirn?n . ... . . . . - 
21--17 18.7' 
16-12 14.5 
12-7 12.6 

s 3  10.9 
s 3  10.5 

5 1  2.2 
4-1 4.6 

6 2  8 . 4  

DOP-4 Specimens 

3+25 36.0 
3*25 34.1' 
2 7-2 3 36.2 
22--1 6 37.6 
12 9 2 6 . 8  
9-4 16.5 
5--2 11.0 

27' 
27 
28 
23 
24 
19 
7 
5 

94 

90 
94 
60 
46 
19 

74' 

GBS and TF 
GES (Ma) and TF (Hi) 
Mainly CBS 
Mainly GBS 
Mainly GES 
Mainly GBS 
Completely GHS 
Completely GB9 

DR 
DR 
DR 
DR 
TF, TF (Xa) DR and GBS (Mi) 

Mainly GBS 

%omler  af grains across a 0.64-m-thick (0.025-in.) sheet. 

bGAR = grain-baundary separation; TI = transgranular fracture: Ma = major fraction; 
Mi = minor fractlon; and OR = ductile rupcure. 

'Impact tested at 250 fps ar 1250'C. 

dThe specimen was subjected t o  a 1-hr heat treatmrot at 1500°C before and after 
the high-temperature anneal at 1700 or 1800°C. 
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ORPIC- DWG 75-44529 
40 

0 
0 5 io 15 20 75 30  

NUMBER O r  GRAINS ACROSS A 0 0 2 5  In - thlck SHEET 

Fig.  1 2 .  Impact Elongat ion and Fractlire Mode as a Function of 
Grain S i z e  for DOP-4 and Undoped (WG) 1 ~ 4 ~  3% W Alloys.  

Both DOP-4 and TJG a l l o y s  may l o s e  t h e i r  ductiJ. i . ty when t h e  g r a i n  

s i z e  i s  s i l f f i c i e n t l y  l a r g e  s i n c e  both d u c t i l i t y  curves timy extend ta 

t h e  o r i g i n  (Flg.  1 2 ) .  T h i s  seenis to agree well with  the  biaxial-  

impact d a t a  r e c e n t l y  at. IASL. Thus, it i s  t h e  g r a i n  s i z e ,  

r a t h e r  than grain-boundary chemistry that eon$rsls t h e  impact p r o p e r t i e s  

of Ir-O.3% W a l l o y s  i n  t h e  coa r se  gra in  s t z e  range. 

a d d i t i o n s  also r e t a r d  g r a i n  growth,  t h e  combined effects r e s u l t  i n  Che 

DOP-4 a l l o y  having an impact d u c t i l i t y  n f ac to r  of 2 to 3 h ighe r  thaa 

f o r  t he  undoped a l l o y  for any annea l ing  condi t ion .  

S ince  t h e  dopant 

The specimens wit11 more than 2 5% e longa t ion  genera l ly  f r a c t u r e d  by 

d u c t i l e  rup tu re ,  whi le  those specimens w i . t h  less than 15% elongat ion  

f r a c t u r e d  by GHS, 

n a n t l y  by TF, 

Between t h e s e  liinl.ts, the  f r a c c u r e  mode w a s  predomi- 

DOP-4 and WG specimens were annealed t o  2000 hr to 1330°C, t h e  

MHGJ fuel-clad temperature ,  and then impac t  tested at 1 3 5 O O C  and 85 m/s 

(280 f p s )  (Table 10 and F ig ,  1 3 ) .  



27 

TabJe 10. E f f e r t  of Long-Term Ammenl a t  1330°C on the Impac t  
P r o p e r t i e s  of DOP--4 ~ 7 r i d  Undoped (WG) T r  I). 3% W Sheet 

Specimens Tmpactd  at 85 m/s (280 i p s )  and '1350"~ 

....... ....... . ......... .q_. -.-.. ............. ____I..._ I-. .-. ...... LI__ -_._ ..........I_ 

1 c. 
C 1. 

200 
200 
480 
480 
9 80 
980 

2000 
2000 

........... ......... ^_Î  ..... I__- II.___ ^1_-.- __ 
Fbl: 1 9 , 7  18.7 
DOP-4 2 6 - 9  36.0 
WG 9.0 13.7 
DOP-4- 
WC 8 . 3  8.4  
BOP-4 1 5 -  2 26 .5  
WG 7.3 8.6 
DOP-4 lI,O 27 .2  
WG 4.7 9.8 
DOP-4 8 - 5  2 4 . 0  

-...-_I.. . 

27 
94 
28 

24  

20 
88 
1 9  
51 

9 .0  

....... ...... - II_ 
~ __--.__... ___ ............. ........... ... 

-- I_- 

GRS arid TF 
DK 
Mainly GBS 

Mainly GBS 
1)R 
Xa?nly GBS 
13K 
Mainly GBS 
r4adniy TP 

_I -_- 
a 

b 
Number of g ra ins  across a 0.64--nm-thick (0,025-in.) sheet. 
GBS = g r a i n  boundary separi%tion, TF -- t r a n s g r s n u l a r  fractrure, and 

DR = d u c t i l e  ~uptuup'c, 

Anneal 1 h r  a t  130OoG, c 

Pig .  13. Effect of 1,ong-Term Annealing at 1330'C on Frapact Elonga- 
t i o n  or WG and D0P-4, T r - d J . 3 %  W A l ' l - ~ y s .  
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The grain size of the specimens was also measured (Table 1.0). 

impact elongation of both alloys decreases with annealing timc, 

and this decrease is apparently due to grain growth. 

had a marginal ductility of 15% elongation after being annealed f o r  

only 30 hr at 1300"C, while DOP-4 material remains ductile after 

annealing for 2000 hr. 

to degredation due t o  long-term heat treatment at 1330°C. 

study of grain-growth behavior in doped and undoped Ir4.3% W alloys 

has been reported. 

The 

The WG material 

Thus, DOP-4 material i s  much more resistant 

A detailed 

14 

Results (Tables 7-10 and Figs. F-13) indicate the impact proper- 

ties of DOP-4 Ir-0.3% W alloy are far superior to those of the undoped 

alloy. 

Correlation of Uniaxial Tensile Impact Test with MHW/FSA Impact Test 

Postimpact containment shells (PICS) were made from DOP-4 material 

t o  confirm the superior impact properties in actual hardware configura- 

tions. Blanks from DOP-4-1 to -4 sheets were fabricated into hemishells 

and assembled with a 76% dense 'Tho2 (ftiel simulant) and t-lien encased 

in a 10-m-thick GTS at Monsanta Research Corporation (MXC) and @E. 

The hemishells were heat treated f o r  16.5 hr at 1 5 O O O C  before welding 

into the postimpact sphere assembly. The three FSA, designated as 

WIT-90, -91, and -92, were impact tested against a granite target at 

1370°C at a velocity of 90-95 m/s (295-304 f p s ) .  Table 11 lists the 

impact parameters and the postimpact r e s u l t s  obtained at GE, and the 

grain-size measurement at OEZNZ. 

of these three impact tested FSA has been reported recently. 

A detailed metallographic examination 
1 5  

A l l  three DOP-4 PICS survived the MHW/FSA impact with no indication 

Figure 146) shows the impact face of MHT-91. of breaching o r  cracking. 

The normal deformation at the region of maxiillurn hoop strain ranged 

between 9 . 3  and 11.2%. Figure  14(a) shows the impact face of a WG 

'I'D. E. Harasyn and A. C. Schaffhouser, Grain Growth in I ~ - 0 . 3 %  M 

I5E. M. Cramer and S. S .  Heckler, Postfinpact Examinations of the 

AZZoys, ORNL-5233 (January 1977). 

Dop-4 Ir SheZZs from S h l a n t  FueZ Sphere Assemblies, LA-6176-MS, M S L ,  
(February 1976). 
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a Tals1.e 11. E'SA Impact Data f o r  DOP-4 1 ~ 0 . 3 %  W Alloy 

.... ......... II__ ___ I _-. 

MHT-90 mT-- 9 1 MHT-92 
........ .... _..l____l__l ...... .~ Ix_ - ll_l.. ......... 

PIGS 1deai.eity ....... 

Female  

Ma 1 e 

bTlpa@t C O t ~ . t ~ ~ . ' ~ ~ O I l  ..---.I_ -_II.x.I.._.II_ 

Tempera tu re ,  OC:  

Rota t ion ,  degrees  from normal h i t  

Veloc i ty ,  m / s  

Heat Treatment a t  150QoC, hr 

P o s t  ~ Innpact R e s u l t s  

Average diameter mm 

Average h e i g h t ,  rmn 

Average def  orma.tion, mm 

Dye p e n e t r a t i o n  examination 

30X exmi-na t i o n  

C Grain Size Measurement 
.... ........ 

DOP-4-3 

DOP- 4-1 

1370 

50 
95 

1 6 . 5  

44.50  

9 .3  
b nega t ive  

nega t ive  b 

13.4 

DOP-4- 2 
DOP-4-2 

1370 

4 

90 

16.5 

44.68 

28.75 

9.6 

nega t ive  

nega t ive  

10.8 

DOP-4-4 

nap-4-4 

1370 

4 8 

8 9 . 5  

16.5 

45.34 

28.58 

1 1 . 2  

nega t ive  

nega t ive  

11.1 
...-. - 

a 
D a t a  ob ta ined  froin General E l e c t r i c  Company, except  f o r  the g r a i n  

s i z e  nreasiirement . 
bMicrocracking i n  regions having dye pene t r an t  i n d i c a t i o n s  before 

i-mpact; no o t h e r  c racking  a t  30X or by dye penetrant. 
c Nunibcr o f  g r a i n s  p e r  t h i ckness ;  measured a t  ORNL, 
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X r - 4 . 3 %  W FSA under similar conditions. 
atra3.n f a i l u r e  seen a f t e r  t e s ~ s  of some undoped Ir-."Q.3% W F8A were 
not  ev iden t  i n  these BOP-4 tests. A t o t a l  o f  4 WG FSA were impact 

t e s t e d ;  a l l  of which f a i l e d  w i t h  d i f f e r e n t  degrees  of breaching .  

T h i s  camparision conf i r m s  our u n i a x i a l  t e n s i l e  impact d a t a  t h a t  t h e  

impact performance of DQP-4 material is  Ear s u p e r i o r  t o  t h a t  of t h e  
undoped material. Therefore, the development of t h e  DOP-,4 a l l o y  

g r e a t l y  i n c r e a s e s  the  s a f e t y  margin of t h e  MHW h e a t  sou rces  whose 

next mission i s  a space probe t o  J u p i t e r  and Saturn. i n  1977. 

F i n g e r p r i n t  cracks and haop- 

The MHW/PSA fmpact test i s  expensive and time-,consumlng. In 

a d d i t i o n ,  i t  i s  a multicomponent test and v a r i a t i o n s  i n  f u e l  and 

GIS p r o p e r t i e s  o r  o t h e r  i n t e r a c t i o n s  may i n f l u e n c e  t h e  behavior  of 

t h i s  i r i d ium.  T h e  uniaxfal impact tes t  would serve as a quick and 

usefi.11 method t o  p r e d i c t  the outcoine of t h e  MKW/FSA. impact test i f  

a s u i t a b l e  correlation could be e s t a b l i s h e d  between t h e  two tests. 

An e f f o r t  was made t o  c o r r e l a t e  t h e  impact ductl . l .Sties w i th  

g r a i n  s i z e  of inaterials from the tests. Before t h e  FSA impact 

test, t h e  Tr-O.3% W PICS were h e a t  t r e a t e d  16 t o  1 9  h r  a t  1 5 0 0 O C .  

This h e a t  t r ea tmen t  is necessa ry  t o  s i m u l a t e  t h e  g r a i n  growth 

i .n a per iod  of ground ope ra t ion ,  

3-1.3 g r a i n s  a c r o s s  t h e  PICS th l ckness  [F igs ,  15 and 4 ( f ) ] .  The 

DOP-4 specimen with t h a t  g r a i n  s i z e  had more than 25% i m p a c t  elonga- 

t i o n  (Flg, 12.) and f r a c t u r e d  by d u c t i l e  ruptlure when impact t e s t e d  

a t  1350°C and 85 m/st 

a t  GE sugges t s  t h a t  25% impact e longa t ion  i s  s u f f i c i e n t  f o r  c ladding 

mt.er:ials t o  survi.ve t h e  FSA/bfRW impact. 

produced 5 - 7  g r a i n s  across t h e  PICS of WG material [F ig .  4 ( e ) ] .  The 

impact test r e s u l t s  (Pig,  1 2 )  i n d i c a t e  t h a t  t h e  undoped Ir--0.3% W 

w l t h  t h a t  g r a i n  s i z e  had about 9--12% e longa t ion  and i t s  f r a c t u r e  mode. 

bras mainly GBS. 'The f a i l u r e s  i n  the WG FSA impact tests suggest  

t h a t  more than  1 2 %  impact d u c t i l i t y  i s  needed f o r  s u r v i v i n g  t h e s e  

tests, On the FSA impact tes t ,  the nornina:l. deformation at the hoop 

s t r a i n  regi.on usua'bly ranges between 8-12% but  sometimes may r each  

as high as 14-15X. Thus, t h i s  comparison, i n d i c a t e s  t h a t  claddlng 

materials shoul-cl Tzave 15% o r  m o r e  d u c t i l i t y  i n  o rde r  t o  ensure success 

i n  t h e  MHW/FSA impact test. 

This  h e a t  t r ea tmen t  produced about 

The success  i n  t h e  DOP-4 sphere impact tests 

The FSA h e a t  treatitient 
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i 
‘ \  

t 

Fig. 15. Micros t ruc ture  of DQP-4 Zrc).3X W PICS Sect ioned from 
MHT-92. 5 O X .  

GENERAL DISCUSSION 

Function of DOP-4 Dopants 

The r e s u l t s  presented  i n  t h e  previous s e c t i o n s  i n d i c a t e  t h a t  t h e  

t o t a l  of 240 ppn DOP-4 dopants (30 ppm Th, 40 A l ,  80 Fe, 16 Ni, and 

75 Rh) added t o  t h e  DOT?-[+ a l l o y  srippresaes t h e  b r l t t l e  grain-boundary 

f r a c t u r e  and g r e a t l y  improves t h e  impact propert-les of Tlr-0.3% W. 
In add-it ion,  the DOP-4 dopants  raise the  r e c r y s t a l l i z a t i o n  temperature  

of Ir-O.3% W and r e t a r d  i t s  g r a i n  growth a t  h igh  temperatures .  Evidence 

obta ined  so  far sugges ts  t h a t  the DOP-4 dopants  a f f e c t  t h e  m e t a l l u r g i c a l  

and mechanical p r o p e r t i e s  of 1 ~ 4 . 3 %  W through seg rega t ion  of t h e  dopants 

t o  g r a i n  boundaries ,  and p r e c i p i t a t i o n  of second-phase par t ic les .  

Segregat ion of t h e  Dopants t o  Grain Boundaries 

Chemical ana lyses  of t h e  intergr3nularly-fractured su r faces  by 

SSMS have ind ica t ed16  t h a t  thoritim tends  t o  seg rega te  s t r o n g l y  near  t h e  

g r a i n  boundaries  of I r id ium and Ir--O. 3% W a l l o y s .  The thorium 

l6c. T.  L ~ U  and [I, Tnouye, Stud3 of rA&hn nnd Tridium-2’u-ngsten 
AZZoys for  Space Radioisotopic H a t  S)ourcc?s, QXNL-5240 (December 1976) .  
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concen t r a t ion  i n  t h e  v a c i n i t y  of t h e  boundaries  i s  h i g h e r  t han  i t s  
bulk v a l u e  by fou r  o r d e r s  of magnitude. SSMS a n a l y s i s  has also shown 

that: aluminum i r o n  tend t o  s e g r e g a t e  nea r  t h e  g r a i n  boundaries ,  b u t  

n o t  as s t r o n g l y  as thorium. The segregation of thorium t o  t h e  g r a i n  

boundaries  has  been confirmed by auger e l e c t r o n  spectroscopy (AES). 

White and a t  ORNL have found t h a t  t h e  thorium c o n c e n t r a t i o n  

a t  t h e  g r a i n  boundary of the DOP-4 material i s  of t h e  o r d e r  of 3-5 a t .  %, 
as compared w i t h  only  30 ppm (by wt) i n  t h e  bulk.  

a t  t h e  f r a c t u r e  s u r f a c e  i n d i c a t e s  t h a t  t h e  thorium is  concen t r a t ed  

only w i t h i n  a few atom l a y e r s  (< lo  a t m  l a y e r s )  of t h e  g r a i n  boundary. 

Similar AES s t u d i e s  a t  LASL 'nave shown18 about t h e  same amount of 

thorium s e g r e g a t i o n  a t  t h e  g r a i n  boundary of t h e  DOP-4 a l l o y .  No 

thorium i s  d e t e c t e d  a t  t h e  g r a i n  boundary of undoped (CK> specimens. 

I n e r t - i o n  s p u t t e r i n g  

The exac t  r o l e  played by dopants at: the grain boundary is  no t  y e t  

clear; however, their presence improves t h e  coherent  s t r e n g t h  of t h e  

boundary. As a consequence, t h e  DQP-4 material is  more resistant 
t o  grain-boundary f r a c t u r e  and has s u p e r i o r  impact p r o p e r t i e s .  The 

impact p r o p e r t i e s  of t he  DOP-4 and undoped a l l o y s  will be d i scussed  

i n  d e t a i l  later.  

P r e c i D i t a t i o n  of Second-Phase P a r t i c l e s  

S m a l l  amounts of second-phase p a r t i c l e s  appear i n  t h e  DQP-4 

specimens b u t  not i n  t h e  undoped specimens (F ig .  4 ) .  Since t h e  solu-  

b i l i t y  of Fe, N i  and Rh -En i r id ium i s  q u i t e  h igh ,  the second-phase 

p a r t i c l e s  are most probably an i r i d i u m  compound con ta in ing  thorium 

and p o s s i b i l y  aluminum, 

indicateslg only very l i m i t e d  s o l u b i l i t y  of thorium i n  i r i d i u m  and 

t h e  f i r s t  compound formed a t  t h e  i r i d ium- r i ch  end is 'I'hIrS. Numeroiis 

p r e c i p i t a t e s  probably ThIr5,  are c l e a r l y  v i s i b l e 2 '  i n  thc. 1 ~ 4 ~  3% GI a l l o y s  

The publ ished iridium-thorium phase diagram 

.-_l_ 

1 7 ~ r i v a t e  communication w i t h  C. L. White arid R. E. Clausing, 197.5. 

"R. D. Baker, LOS Alamos S c i e n t i f i c  Laboratory. ,  p r i v a t e  comuni-  
c a t i o n s  during 1.974-1976. 

"I?. A. Shunk, " I r J l l i  H e  Iridium-Titanium" p. 466,  C'onsti$~~t?:on of 
Bina ry  AZZoys, Second Supplement, M c G r a w - H i l l  Book Company, N.Y.  , 1969.  

2oC. T .  Liu and K. Inouye, unpublished r e s u l t s .  
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con ta in ing  high levels of thorium. The p a r t i c l e s  i n  DOP-4 seem t o  

be s t a b l e  and do not  grow apprec iab ly  on h e a t  t reatment  a t  1 5 0 0 O G  

(Fig. 4 ) .  

The DOP-4 specimens d i s t i n c t l y  show an elongated g r a i n  s t r u c t u r e  

on short-term h e a t  t r ea tmen t s  a t  1500°C o r  below (Pig.  4 ) .  

s t r u c t u r e  probably r e s u l t s  from t h e  r e s t r i c t i o n  of g r a i n  growth by 

t h e  par t ic les  which l i n e  up along t h e  f i b r o u s  d i r e c t i o n  during hot  

f a b r i c a t i o n .  The g r a i n s  i n  t h e  DOP-4 specimens become equiaxed a f t e r  

being annealed 19 h r  a t  15OOOC [Fig.  4(f)]; however, t h e  g r a i n  s i z e  

i s  s t i l l  much f i n e r  than t h a t  of t h e  undoped a l l o y .  Probably t h e  

slower g r a i n  growth i n  t h e  DOP-4 a l l o y  is  due t o  both p a r t i c l e  and 

impurity atom pinning a t  t h e  g r a i n  boundary. A s  noted p rev ious ly ,  

a s m a l l  g r a i n  s i z e  is  one of t h e  f a c t o r s  t h a t  c o n t r i b u t e s  t o  t h e  b e t t e r  

impact p r o p e r t i e s  of t h e  DOP-4 a l l o y .  

The elongated 

E f f e c t s  of Grain S i z e ,  Dopant Addit ion,  Impact  Ve loc i ty  and Test 
Temperature on I m p a c t  P r o p e r t i e s  

The t e n s i l e  and impact d a t a  i n  t h e  previous s e c t i o n s  i n d i c a t e  

t h a t  t h e  deformation and f r a c t u r e  behavior  of 1 ~ 0 . 3 %  W is  s e n s i t i v e  

t o  g r a i n  s i z e ,  dopants,  impac t  v e l o c i t y  and test temperature,  The 

b r i t t l e  f r a c t u r e  a s s o c i a t e d  wi th  GBS i n  t h e s e  materials i s  promoted 

w i t h  dec reas ing  test temperature and i n c r e a s i n g  s t r a i n  ra te  o r  g r a i n  

s i z e .  A l l  t h e s e  results can b e  c o r r e l a t e d  on t h e  b a s i s  of t h e  stress 

concen t r a t ion  on gra in  boundaries  through a model of p i l e  up of g l i d e  

d i s l o c a t i o n s .  

is  

The stress concen t r a t ion  due t o  p i l e  up of d i s l o c a t i o n s 2 1  

where 0 is t h e  app l i ed  stress, 00 t h e  f r i c t i o n a l  stress a g a i n s t  t h e  

motion of d i s l o c a t i o n s  on t h e  s l i p  plane,  d t h e  g r a i n  diameter ,  and 

s a d i s t a n c e  beyond t h e  t i p  of a p i l e  up. 

"J. D. Eshelby, F. C .  Frank, and F.R.N. Nabarro, "Equi.librium of 
Linear  Arrays of Dis loca t ions , "  Phizos. Mag. 4 2 :  351 (1951). 
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I n t e r g r a n u l a r  f r a c t u r e  w i l l  occur i f  t h e  stress concen t r a t ion  a t  

a g r a i n  boundary reaches t h e  coherent  sLrength of t h e  boundary cr : e 

where U is  t h e  f r a c t u r e  stress. To correl.ate the stress  wi th  s t r a i n ,  

E, the Ludwik-type i s  used: 
f 

n 
CI = c f .  + KE , z 

where CI K and n are material c o n s t a n t s .  At f r a c t u r e ,  i’ 

where E is  t h e  f r a c t u r e  strain. Combination of E q s .  (1) and (3) and 

rearrangement g ives  t h e  f i n a l  expression:  
f 

For s i m p l i c i t y ,  I.et n = 1 f o r  the case of l i n e a r  work-hardening, then 

Eq. ( 4 )  reduces t o ,  

Eq. (5)  has  been used t o  p r e d i c t  t h e  impact p r o p e r t i e s  of t h e  Ir-O.3% W 

a l l o y s ,  and t h e  p r e d i c t i o n s  are now compared wi th  t h e  experimental  

r e s u l t s  p rev ious ly  presented.  

Grain-Size E f f e c t  

A t  a given test  c o n d i t i o n ,  Eq. (5) p r e d i c t s  t h a t  F w i l l  dec rease  f 
w i t h  an i n c r e a s e  i n  g r a i n  s i z e  d .  This is in agreement wi th  t h e  d a t a  

2P. Ludwik, Elemente der Technologischen Mekhank, Verlag Von 
Jii l ius ,  Spr inge r ,  B e r l i n ,  1909. 
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c o r r e l a t i n g  impact elonga.tion arid f ractlure mode wi th  g r a i n  s i z e  

(Pig.  12). Furthermoxe, t h e  impact e longa t ion  (E ) should be a 

f u n c t i o n  of squa re  r o o t  of g r a i n  s i z e ,  d ,  according t o  E q .  (5 ) .  
l i n e a r  r e l a t i o n  e x i s t s  between E 

which showed grain-boundary f r a c t u r e  when impact t e s t ed  a t  1350°C 

and 280 f p s  (F ig .  16) .  The l i n e a r  reJ.ation a l s o  h o l d s  qui.te w e l l  

f o r  t h e  DOP-4 speciuiens, even though they exh ib i t ed  d u c t i l e  r u p t u r e  

i n  t h e  fine-gra:in-size range. 

f 
A 

and d-’” f o r  the  WG specimens f 

ORNL-DWG 7 7 - 3 4 6 4  

50 I - - 1  

0 4 8 !2 (6 20 24 

(GRAIN D I AM E T E 8 ) - y2 ( c  m- I 

Fig.  16 .  Impact Elongation as a Function of Square Root of Grain 
Diameter f o r  DO?-4 and Undoped (WG) 1 ~ 0 . 3 %  W Alloys.  Open  symbols f o r  
mainly GBS, f i l l e d  symbols f o r  mainly TF, and h a l f - f t l l e d  symbols f o r  
mixed f r a c t u r e  01 GKS and TF. 

A s  a l r e a d y  d i scussed  i n  t h i s  s e c t i o n ,  the  DOP-4 dopants such as 

thorium s e g r e g a t e  t o  and improve t h e  coherent s t r e n g t h  of t h 2  g r a i n  

boundary. This  is  a l s o  manifested by measureing t h e  s l o p e  of t h e  t w o  

CUTVES i n  Fig.  16,  which shows t h a t  CJ [Eq. ( 5 ) l  f o r  t h e  DOP-4 a l l o y  

may be h ighe r  than the  doped a l l o y  by 60%. A l s o ,  the dopants r e t a r d  

g r a i n  growth i n  the DOP-4 a l l o y  through dopant, s e g r e g a t i o n  and p r e c i p i -  

t a t i o n  of second-phase p a r t i c l e s ;  t h u s  in DOP-4 a l l o y  the g r a i n  s t r u c t u r e  

e 
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was much f i n e r  than t h a t  of t h e  undoped a l l o y  under the same h e a t  

trea.tment cond i t ion .  I n  E q .  ( S ) ,  bo th  and i n c r e a s e  i n  oc and a 

dec rease  i n  d ,  itnpro.ve t h e  f r a c t u r e  ducti.l .i .ty. By a combination 

of th:!se two e f fec ts  the impact p r o p e r t i e s  of DOP-4 are g r e a t l y  improved. 

T e s c  Temperature and Ve loc i ty  E f f e c t s  
-l-lllll___ 

Both 0 .  and K i n c r e a s e  wi.t:h a drop i n  test  temperati.ire o r  an 
2 

i n c r e a s e  i n  s t r a i n  r a t e , 2 3  ~ o t ~ i  O:F these lower E* i n  ~ q .  (5) .   his 

predic t i -on  a l s o  ag rees  w i t h  t h e  i m p a c t  d a t a  (F igs .  9 and 1.1.) a 

J 

I n  summary, [:he iiiipact p r o p e r t i e s  of the DOP-4 and undoped 

1 ~ 3 ~ 3 %  W a l l o y s  can be c o r r e l a t e d  by Eq. (51, which i s  de r ived  

on the b a s i s  of s t:ress concen t r a t ion  a t  grai-n boundaries .  

S W R Y  AND CONCLUSIONS 

The 1 ~ 4 . 3 %  5J all.oy h a s  been doped wi th  mi-nor a l l o y i n g  a d d i t i o n s  

f o r  the purpose o f  developing improved c ladding  material f o r  space  

r a d i o i s o t o p i c  heat sou rces  opera t i r ig  up t o  1450°C. The dopants  w e r e  

thoroiigh1.y mixed w i t h  i r i d i u m  powders compacted .I s i n t e r e d ,  then a r c  

o r  electron-beam melted.  A total .  of 10 doped a l l o y s  were prepared; 

t h e  DOP-4 a l l o y  con ta in ing  40 ~ p m  A l . ,  30 T h ,  80 Fe, 1 6  Ni arid 75 Rh 

was t h e  .most r e s i s t a n t  t o  b r i t t l e  f r a c t u r e  a s s o c i a t e d  w i t h  gra in-  

boundary s e p a r a t i s n  on t e n s i l e  t e s t i n g  a t  slow s t r a i n  rates.. I n  

a d d i t i o n ,  t h e  DOP-4 dopants  improve the f a b r i c a b i l i t y  , rari.se the 

r e c r y s t a l l i z a t i o n  tempera ture ,  and r e t a r d  the g r a i n  growt.h a t  h igh  

t eiltp @T a. t u r  e s I 

Impact - tes t ing  equipment has been developed f o r  tesi::i.ng mater- 

i a l s  i n  contro1.l ed almospheres a t  temperatiirci!:; t o  1400OC a t  impact 

v e l o c i t i e s  as h i g h  as 90 m / s  (300 f p s )  (vhich i s  equal t o  a s t r a i n  

rate of 720O/s .  

Ir-c).3% W a l l o y s  were determined i3.S a func t ion  of g r a i n  s i z e ,  t es t  

T h e  impact p r o p e r t : i e s  of DOP.-4 and undoped (WG) 

3R. W. Swindernan, Low-Si=rcn:n Tensi.le U e h v - i o r  of Type 304 
S tdn2zs . s  S tee l  (Beat 911'2796), ORNL/TM-5245 (February 1976) .  
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temperature, impact velocity and long-term heat treatment. The brittle 

grain-boundary fracture is always promoted in these alloys by a decrease 

in test temperature or an increase in strain rate or grain size, A l l  

these results can be correlated by E q .  ( 5 ) ,  which is derived on the 

basis of stress concentration at grain boundaries, 

The impact test residts (Tables 7--11 and Figs. 9-15> clearly 

indicate that the impact properties of the DOP-4 alloy are far superior 

t o  those of the undoped (WG) alloys. The improvement is due to com- 

bined effects of segregation of beneficial dopants (such as thorium) 

to grain boundaries and a refinement of grain structure through 

dopant segregation and precipitation of second-phase particles. The 

superio-r impact properties of DOP-4 alloy, measured by uniaxial impact 

testing, are confirmed by the biaxial impact tests at LASL and by the 

MHW/FSA impact tests at GE. 

greatly increases the safety margin of the MW heat sources; therefore, 

the NRA/ERDA has decided recent1.y to use this alloy to contain the 

heat: source for the Mariner/Jupiter-Saturn itiission scheduled for 

1977. 

The development of the DOP-4 al-loy 
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