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POSTIRRADIATION MECHANICAL PROPERTIES OF TYPES 304 

AND 304 + 0.15% T i STAINLESS STEEL 

E. E. Bloom and J . 0 . S t i e g l e r 

ABSTRACT 

The t e n s i l e and c r e e p - r u p t u r e p r o p e r t i e s o f t y p e s 304 and 
304 + 0.15% Tx s t a i n l e s s s t e e l s have been d e t e r m i n e d a f t e r i r r a -
d i a t i o n a t t e m p e r a t u r e s i n t h e range 400 t o 820°C t o maximum 
n e u t r o n f l u e n c e s o f 3 . 5 x 1 0 2 2 n e u t r o n s / c m 2 (> 0 . 1 MeV). Changes 
i n m e c h a n i c a l p r o p e r t i e s were r e l a t e d t o t h e m i c r o s c o p i c o b s e r v a -
t i o n s o f i r r a d i a t i o n - p r o d u c e d d e f e c t s . 

When i r r a d i a t e d i n t h e annea led c o n d i t i o n i n t h e n e i g h b o r -
hood o f 450°C, t y p e 304 s t a i n l e s s s t e e l e x h i b i t e d an i n c r e a s e d 
y i e l d s t r e s s , reduced s t r a i n h a r d e n i n g c o e f f i c i e n t , and reduced 
u n i f o r m and t o t a l e l o n g a t i o n . The i n c r e a s e d y i e l d s t r e s s c ^ u l d 
be c o r r e l a t e d w i t h t h e s t r e n g t h e n i n g e x p e c t e d f r o m i r r a d i a t i o n -
produced v o i d s and d i s l o c a t i o n s . W i t h i n c r e a s i n g i r r a d i a t i o n 
t e m p e r a t u r e t h e c o n c e n t r a t i o n o f t h e s e d e f e c t s decreased and 
thus t h e magn i tude o f t h e y i e l d s t r e s s i n c r e a s e became l e s s . 
A t 500 t o abou t 600°C i r r a d i a t i o n and t e s t t e m p e r a t u r e a p r o -
nounced r e d u c t i o n i n c r e e p - r u p t u r e d u c t i l i t y was o b s e r v e d . 
F r a c t u r e s were i n t e r g r a n u l a r . I t i s sugges ted t h a t i n t h i s 
t e m p e r a t u r e range t h e v o i d - d i s l o c a t i o n s t r u c t u r e t o g e t h e r 
w i t h t h e t r a n s m u t a t i o n - p r o d u c e d h e l i u m were r e s p o n s i b l e f o r 
t h e i n t e r g r a n u l a r f r a c t u r e s and low d u c t i l i t i e s . A t h i g h e r 
t e m p e r a t u r e s no v o i d - d i s l o c a t i o n s t r u c t u r e s vrere f o rmed . 
For t hese c o n d i t i o n s t h e d u c t i l i t i e s were h i g h e r t h a n i n t h e 
500 t o 600°C range b u t s t i l l s i g n i f i c a n t l y be low t h e u n i r r a -
d i a t e d v a l u e . 

V a r i a t i o n i n a l l o y c o m p o s i t i o n and p r e i r r a d i a t i o n m i c r o -
s t r u c t u r e had a s t r o n g i n f l u e n c e on the p o s t i r r a d i a t i o n p r o p -
e r t i e s . Type 304 + 0.15% T i s t a i n l e s s s t e e l e x h i b i t e d 
s i g n i f i c a n t l y h i g h e r t e n s i l e and c r e e p - r u p t u r e d u c t i l i t i e s 
t h a n t h e s t a n d a r d a l l o y when i r r a d i a t e d and t e s t e d above 
450°C. The s t r e n g t h p r o p e r t i e s o f specimens i r r a d i a t e d i n 
t h e 10% c o l d - w o r k e d c o n d i t i o n were s i m i l a r t o t h o s e o f m a t e -
r i a l i r r a d i a t e d i n t h e annea led c o n d i t i o n , b u t t he t o t a l 
e l o n g a t i o n and r e d u c t i o n i n a r e a were s l i g h t l y l o w e r . 
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INTRODUCTION 

A u s t e n i t i c s t a i n l e s s s t e e l s have been s e l e c t e d f o r use as f u e l c l a d -

d i n g and s t r u c t u r a l components i n L i q u i d M e t a l Fas t Breeder R e a c t o r s . 

T h i s c h o i c e was based upon h i g h - t e m p e r a t u r e s t r e n g t h p r o p e r t i e s , r e s i s -

t a n c e t o c o r r o s i o n by l i q u i d sod ium, c o m p a t i b i l i t y w i t h u r a n i u m - p l u t o n i u m 

o x i d e s , and the low n e u t r o n c a p t u r e c ross s e c t i o n s wh i ch a r e r e q u i r e d f o r 

b reede r r e a c t o r s . N e a r - t e r m r e a c t o r s w i l l use t ypes 304 and 316 s t a i n -

l e s s s t e e l s . For r e a c t o r d e s i g n i t i s necessary t o d e f i n e the e f f e c t s o f 

i r r a d i a t i o n upon t h e p h y s i c a l and m e c h a n i c a l p r o p e r t i e s o f these a l l o y s . 

To i n c r e a s e t he l i f e o f r e a c t o r c o r e components and thus improve t he 

economics o f t h e sys tem, i t i s d e s i r a b l e t o o p t i m i z e t h e r e s i s t a n c e o f 

t hese a l l o y s t o t he v a r i o u s forms o f r a d i a t i o n damage. 

T h i s r e p o r t p r e s e n t s a summary o f r e c e n t expe r imen ts i n wh ich t h e 

e f f e c t s o f f a s t - n e u t r o n i r r a d i a t i o n on t h e m i c r o s t r u c t u r e , t e n s i l e p r o p -

e r t i e s , and c r e e p - r u p t u r e p r o p e r t i e s o f annea led t y p e 304 s t a i n l e s s s t e e l 

were i n v e s t i g a t e d . R e s u l t s o f i n i t i a l a t t e m p t s t o reduce t h e magn i tude 

o f t he p r o p e r t y changes i n t ype 304 s t a i n l e s s s t e e l t h r o u g h s m a l l a d j u s t -

ments i n c o m p o s i t i o n o r p r e i r r a d i a t i c n m i c r o s t r u c t u r e w i l l a l s o be 

d i s c u s s e d . 

EXPERIF ' \L 

Mechan i ca l p r o p e r t y t e s t specimens w i t h 0 .125 i n . d i a m e t e r and 1 - i n . -

l o n g gage were i r r a d i a t e d i n t he r e a c t o r c o r e i n a row 2 p o s i t i o n o f t h e 

E x p e r i m e n t a l Breeder R e a c t o r - I I ( E B R - I I ) t o maximum f l u e n c e s o f 3 . 5 x 10 2 2 

n e u t r o n s / c m 2 ( > 0 . 1 MeV). Specimens were i r r a d i a t e d a t t empera tu res i n 

t h e range 400 t o 820°C. I r r a d i a t i o i : t empe ra tu res above t h e ambient sodium 

c o o l a n t t e m p e r a t u r e were o b t a i n e d by means o f a gas gap between t h e s u r -

f ace o f c y l i n d r i c a l specimen h o l d e r s and t h e i n s i d e o f t h e con ta inmen t 

t u b e . A d d i t i o n a l d e t a i l s o f t h e expe r imen t d e s i g n have been g i v e n 

e l s e w h e r e . 1 

*E. E. Bloom and J . 0 . S i ' e g l e r , " E f f e c t o f Fas t N e u t r o n I r r a d i a t i o n 
on t h e Creep Rup tu re P r o p e r t i e s o f Type 304 S t a i n l e s s S t e e l a t 600°C , " 
pp. 451—467 i n Irradiation Effects on Structural Alloys for Nuclear Reactor 
Applications3 Spec, Tech. Publ. 484, Amer ican S o c i e t y f o r T e s t i n g and 
M a t e r i a l s , P h i l a d e l p h i a , March 1971. 
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M i c r o s t r u c t u r e s o f b o t h a s - i r r a d i a t e d and t e s t e d specimens were 

c h a r a c t e r i z e d by t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y . D i s l o c a t i o n l o o p , 

d i s l o c a t i o n l i n e , and v o i d c o n c e n t r a t i o n s were d e t e r m i n e d f rom p h o t o -

m i c r o g r a p h s i n w h i c h t h e f o i l t h i c k n e s s had been d e t e r m i n e d by s t e r e o -

m i c r o s c o p y , T e n s i l e t e s t s were conduc ted on. I n s t r o n t e n s i l e t e s t i n g 

machines i n a i r a t an i n i t i a l s t r a i n r a t e o f 0 .002 min"" 1 . C r e e p - r u p t u r e 

t e s t s were conduc ted i n a i r i n l e v e r - a r m c reep mach ines . Specimen e l o n -

g a t i o n as a f u n c t i o n o f t i m e was d e t e r m i n e d by i l i n e a r d i f f e r e n t i a l 

t r a n s f o r m e r w h i c h measured t h e r e l a t i v e movement: o f t h e upper and l o w e r 

spec imen g r i p s . Tes t t e m p e r a t u r e s were c o n t r o l l e d t o ±3°C. Specimens 

were t e s t e d a t o r n e a r t h e i r r e s p e c t i v e i r r a d i a t i o n t e m p e r a t u r e s . 

RESULTS 

M i c r o s t r u c t u r e s o f I r r a d i a t e d M a t e r i a l s 

The m i c r o s t r u c t u r e s p r e s e n t i n specimens o f t ype 304 s t a i n l e s s s t e e x 

i r r a d i a t e d i n t h e annea led c o n d i t i o n ( 1 h r a t 1050°C) a r e i l l u s t r a t e d i n 

FigSw 1 and 2» A t i r r a d i a t i o n t e m p e r a t u r e s o f 590°C and l o w e r , t h e m i c r o -

s t r u c t u r e c o n t a i n e d v o i d s , d i s l o c a t i o n l o o p s and l i n e s , and a v a r i e t y o f 

p r e c i p i t a t e p a r t i c l e s . I n g e n e r a l , c o n c e n t r a t i o n s o f t h e d e f e c t s t r u c t u r e s 

dec reased and average s i z e s i n c r e a s e d w i t h i n c r e a s i n g i r r a d i a t i o n t e m p e r -

a t u r e , Types and r e l a t i v e amounts o f p r e c i p i t a t e p a r t i c l e s xcere a l s o 

s e n s i t i v e t o i r r a d i a t i o n t e m p e r a t u r e . A t t h e l o v ^ r i r r a d i a t i o n t empe ra -

t u r e s ( a t t h e s e f l u e n c e l e v e l s ) t h e v o i d s appeared t o be d i s t r i b u t e d 

u n i f o r m l y t h r o u g h o u t t h e m a t r i x and n o t t o be a s s o c i a t e d w i t h any o t h e r 

s t r u c t u r a l f e a t u r e s . There w e r e , however , zones denuded o f v o i d s a few 

hundred angst roms w ide a d j a c e n t t o g r a i n b o u n d a r i e s . No v o i d s were 

d e t e c t e d i n t h e g r a i n b o u n d a r i e s . For i r r a d i a t i o n t e m p e r a t u r e s i n t h e 

range o f about 500 t o 600°C t h e v o i d s were f ound i n a s s o c i a t i o n w i t h 

some need le -shaped p r e c i p i t a t e p a r t i c l e s [see F i g , 1 ( c ) ] , B rage r e t a l . 2 

have sugges ted t h a t t h e s e a r e p r o b a b l y t h e Fe-Cr sigma phase , b u t a n a l y s i s 

2H. B r a g e r , J . L . S t r a a l s u n d , J . J . Ho lmes , and J . F , B a t e s , Met. 
Trccns. 2 : 1893 (1971) . 
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F i g . 1 . C a v i t i e s Formed i n Specimens o f Annealed Type 304 S t a i n -
Less S t e e l , (a ) 440°C, 1 .5 x 10 2 2 n e u t r o n s / c m 2 (> 0 . 1 MeV), (b ) 535°C, 
L.5 x 1 0 2 2 neu t rons / cm 2 (> 0 . 1 MeV), ( c ) 590°C, 3 . 5 x 1 0 2 2 n e u t r o n s / c m 2 

(> 0 . 1 MeV), and (d) 820°C, 3 . 5 x 1 0 2 2 n e u t r o n s / c m 2 (> 0 . 1 MeV). 



F i g . 2 . D i s l o c a t i o n S t r u c t u r e Formed a t Two D i f f e r e n t I r r a d i a t i o n 
Tempera tu res . (a ) F a u l t e d loops formed a t 535°C, 1 .5 x 10 2 2 neu t rons /cm 2 

(> 0 . 1 MeV) and (b) u n f a u l t e d l o o p s and d i s l o c a t i o n ne two rk formed a t 
590°C, 3 .5 x 10 2 2 neu t rons / cm 2 (> 0 . 1 MeV). 
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o f d i f f r a c t i o n p a t t e r n s f rom s i m i l a r p r e c i p i t a t e s formed i n t ype 316 

s t a i n l e s s s t e e l has shown them n o t t o be one o f t he c o n v e n t i o n a l p r e -

c i p i t a t e s t r u c t u r e s found i n s t a i n l e s s s t e e l s . A second type o f p r e -

c i p i t a t e h a v i n g a p l a t e l i k e morphology was a l s o p r e s e n t b u t i n a much 

lower c o n c e n t r a t i o n . A t t he h i g h e s t i r r a d i a t i o n t empera tu re examined 

i n t h i s s t u d y , about 820°C, s m a l l c a v i t i e s were p r e s e n t on the g r a i n 

bounda r ies as x^e l l as i n t he m a t r i x . Because o f t h e i r l o c a t i o n on g r a i n 

bounda r ies and r e l a t i v e l y s m a l l s i z e , we b e l i e v e t h a t these c a v i t i e s a r e 

e q u i l i b r i u m h e l i u m bubb les r e s u l t i n g f rom (n,ot) r e a c t i o n s . The b u b b l e s 

w i t h i n t h e g r a i n s , wh i ch averaged about 100 X i n d i a m e t e r , were p r e s e n t 

i n a c o n c e n t r a t i o n o f about 1 0 1 3 / c m 3 . Perhaps more i m p o r t a n t w i t h r e g a r d 

t o mechan ica l p r o p e r t i e s a r e t h e g r a i n boundary b u b b l e s , wh ich a re s l i g h t l y 

l a r g e r and p r e s e n t i n a c o n c e n t r a t i o n on t he o r d e r o f 1 0 1 0 / c m 2 . 

Below i r r a d i a t i o n t empera tu res o f about 550°C, t h e i n t e r s t i t i a l s 

p r e c i p i t a t e d as Frank loops as i l l u s t r a t e d i n F i g . 2 ( a ) . L i k e the b u b b l e s , 

t h e l oops i n c r e a s e d i n s i z e and decreased i n c o n c e n t r a t i o n wii_h. i n c r e a s i n g 

i r r a d i a t i o n t e m p e r a t u r e . Above abou t 550°C, they u n f a u l t e d and a p p a r e n t l y 

were a b l e t o g l i d e and i n t e r a c t t o fo rm a l o o s e l y o r g a n i z e d d i s l o c a t i o n 

s t r u c t u r e as shown i n F i g . 2 ( b ) . A t c o n s t a n t f l u e n c e t h e d i s l o c a t i o n 

d e n s i t y decreased w i t h i n c r e a s i n g i r r a d i a t i o n t e m p e r a t u r e . 

S t a t i s t i c s d e s c r i b i n g t h e d e f e c t s t r u c t u r e s p r e s e n t i n t h e specimens 

t e s t e d i n t h i s s tudy a r e g i v e n i n T a b l e 1 . A more comple te d e s c r i p t i o n 

o f r a d i a t i o n - i n d u c e d d e f e c t c o n f i g u r a t i o n s i n t y p e 304 s t a i n l e s s s t e e l 

can be found i n r e f s . 2—4. 

V o i d f o r m a t i o n i s b e l i e v e d 5 t o occur because o f a d e l i c a t e imba lance 

i n the vaca rcy and i n t e r s t i t i a l c o n c e n t r a t i o n s caused by the p r e f e r e n t i a l 

d r i f t o f i n t e r s t i t i a l s t o d i s l o c a t i o n s because o f t he s t r o n g e r a t t r a c t i o n 

o f d i s l o c a t i o n s f o r i n t e r s t i t i a l s t han v a c a n c i e s . M i c r o s t r u c t u r a l changes 

3E. E. Bloom, An Investigation of Fast Neutron Radiation Damage in 
an Austenitic Stainless Steely ORNL-4580 (August 1970). 

E. Bloom, J . 0 . S t i e g l e r , and C. J . McHargue, " R a d i a t i o n Damage 
i n Annealed Type 304 S t a i n l e s s S t e e l , " t o be p u b l i s h e d . 

5R. B u l l o u g h and R. C. P e r r i n , p . 317 i n Irradiation Effects on 
Structural Alloys for Nuclear Reactor Applications, Spec. Tech. Publ, 484, 
Amer ican S o c i e t y f o r T e s t i n g and M a t e r i a l s . P h i l a d e l p h i a , March 1971. 



Table 1 . De fec t S t a t i s t i c s i n I r r a d i a t e d S t a i n l e s s S t e e l s 

P r e i r r a d i a : ; ion 
C o n d i t i o n 

I r r a d i a t i o n 
Temperature 

<°C) 

Neu t ron F luence 
( > 0 . 1 MeV) 

( n e u t r o n s / c m 2 ) 

Vo id 
C o n c e n t r a t i o n 

( v o i d s / c m 3 ) 

Mean Vo id 
Diameter 

(A) 

D i s l o c a t i o n 
C o n c e n t r a t i o n 

x 10 2 2 

Type 304 S t a i n l e s s S t e e l 

1 h r a t 1040°C 440 1 .5 1 . 1 x 1 0 1 5 197 1 x 1015 esta 

1 h r a t 1040°C 450 '? c 2 . 0 x 1 0 1 5 193 

1 h r a t 1040°C 535 1 ,5 2 . 3 x i o 1 * 240 2 x 1 0 l s a 

1 h r a t 1040°C 590 2 . 5 3 .7 x 10 1 3 175 

1 h r a t 1040°C 590 3 .5 5 .5 x 10 1 3 
353 2 * 1 0 l o b 

1 h r a t 1040°C 820 2 .5 

1 hr a t 1040°C 820 3.5 1,1 X i o 1 3 C 

10% c o l d work 450 2 .5 2 . 1 X 10 1 " 170 

Type 304 + 0.15% T i S t a i n l e s s S t e e l 

1 h r a t 1040°C 450 1 . 3 1 . 1 x 1 0 1 5 140 

1 h r a t 925°C 590 2 . 0 5 .8 x 10 1 3 342 

1 h r a t 925°C 590 3 .0 1 .2 x 10 1 4 762 

1 h r a t 925°C 820 3 . 0 

F a u l t e d d i s l o c a t i o n l o o p s , l o o p s / c m 3 . 

^ D i s l o c a t i o n n e t w o r k , cm/cm3 , 

c 
He l ium bubb le c o n c e n t r a t i o n . 
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such as co ld w o r k i n g t h a t i n c r e a s e t he d e n s i t y o f s i n k s wou ld be expected 

to a l t e r d e f e c t c o n f i g u r a t i o n s , c o n c e n t r a t i o n s , and s i z e s . There now i s 

ample ev idence t h a t t h i s i s t he case , 6 * " 8 a l t h o u g h n o t enough s y s t e m a t i c 

i n f o r m a t i o n i s a v a i l a b l e t o d e s c r i b e t he e f f e c t s as c o m p l e t e l y as f o r 

annea led m a t e r i a l s . At l e a s t a t low f l u e n c e s c o l d w o r k i n g i n h i b i t s the 

f o r m a t i o n o f v o i d s . S t i e g l e r and Bloom7 found t h a t i n t h e t y p e 304 

s t a i n l e s s s t e e l d i scussed p r e v i o u s l y t he i n t r o d u c t i o n o f 10% c o l d work 

p r i o r t o i r r a d i a t i o n s u b s t a n t i a l l y reduced s w e l l i n g a t an i r r a d i a t i o n 

t empe ra tu re o f 450°C and a f l u e n c e o f 2 . 5 * 10 2 2 n e u t r o n s / c m 2 . As can 

be seen f rom t h e m i c r o s t r u c t u r a l d a t a a l s o p resen ted i n T a b l e 1 , t h e 

r e d u c t i o n i n s w e l l i n g was accomp l i shed t h r o u g h an o r d e r o f magn i tude 

r e d u c t i o n i n v o i d c o n c e n t r a t i o n and a v e r y s l i g h t r e d u c t i o n i n mean v o i d 

s i z e . No f a u l t e d l oops were e v i d e n t i n t h i s specimen. E v i d e n t l y t he 

d e f o r m a t i o n - i n d u c e d d i s l o c a t i o n s t r u c t u r e se rved as t h e p r i m a r y i n t e r -

s t i t i a l s i n k . A d d i t i o n a l e f f e c t s have been observed a t h i g h e r tempera-

t u r e s and f l u e n c e s , 6 » 8 b u t i n t h i s r e p o r t mechan i ca l p r o p e r t i e s r e s u l t s 

w i l l be l i m i t e d t o t he s i n g l e specimen d e s c r i b e d above. 

I t i s a l s o c l e a r f rom e x a m i n a t i o n o f da ta i n t h e l i t e r a t u r e 9 ' 1 0 

t h a t c o m p o s i t i o n i s an i m p o r t a n t v a r i a b l e i n f l u e n c i n g t h e numbers and 

s i z e s o f v o i d s and l o o p s . I n t h i s s t u d y , specimens o f t y p e 304 s t a i n -

l e s s s t e e l m o d i f i e d by the a d d i t i o n o f 0.15% T i were annea led f o r 1 h r 

a t 1040 o r 925°C and t hen i r r a d i a t e d i n E B R - I I under c o n d i t i o n s n e a r l y 

6 C. Cawthorne, E . J . F u l t o n , J . I . Bramman, G.A.B. L i n e k a r , and 
R. M. Sharpe, " E l e c t r o n M ic roscope O b s e r v a t i o n s o f Vo ids i n C ladd ing 
M a t e r i a l s I r r a d i a t e d i n DFR," p . 35 i n Voids Formed by Irradiation of 
Reactor Materials, (P roceed ings o f t h e B r i t i s h Nuc lea r Energy S o c i e t y 
European Conference h e l d a t Reading U n i v e r s i t y on March 24 and 25 , 1971) . 

7 J . 0 . S t i e g l e r and E. E. Bloom, "The E f f e c t o f Thermo-Mechan ica l 
T rea tmen ts on Vo id Fo rma t ion i n I r r a d i a t e d S t a i n l e s s S t e e l , " t p be pub-
l i shed i n Journal of Nuclear Materials. 

8 J . L . S t r a a l s u n d and H. R. B r a g e r , paper p resen ted a t t h e I n t e r -
n a t i o n a l Conference on R a d i a t i o n - I n d u c e d Vo ids i n M e t a l s , S t a t e U n i v e r s i t y 
o f New Y o r k , A l b a n y , June 9—11, 1971 ( t o be p u b l i s h e d i n t h e p r o c e e d i n g s ) , 

9 T . L a u r i t z e n , A . W i t hop , and U. E. W o l f f , Nucl. Engr. Design 
9 : 265 ( 1 9 6 9 ) . 

l 0 E . E. Bloom and J . 0 . S t i e g l e r , "A Comparison o f I r r a d i a t i o n Induced 
S w e l l i n g and Vo id Fo rma t ion i n Two A u s t e n i t i c S t a i n l e s s S t e e l s , " J, Nucl, 
Mater. 35: 244-246 (May 1970) . 
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i d e n t i c a l t o t hose d e s c r i b e d above f o r t h e s t a n d a r d t y p e 304 s t a i n l e s s 

s t e e l . The 925°C a n n e a l i n g t r e a t m e n t was emphasized i n t h i s s t u d y 

because i n p r e v i o u s w o r k 1 1 , 1 2 i t was found t o max imize t h e c reep d u c t i l -

i t y a f t e r i r r a d i a t i o n a t t empe ra tu res above t h e range f o r d i s p l a c e m e n t 

damage i n w h i c h h e l i u m b u b b l e s a r e t hough t t o enhance g r a i n - b o u n d a r y 

f r a c t u r e . 

The 9-25°C p r e i r r a d i a t i o n a n n e a l i n g t r e a t m e n t p roduced a r e l a t i v e l y 

f i n e g r a i n s i z e (abou t 30 pm average d i a m e t e r ) and a h i g h c o n c e n t r a t i o n 

o f c o h e r e n t p r e c i p i t a t e p a r t i c l e s as shown i n ^ i g . 3. A f t e r i r r a d i a t i o n 

a t 590°C t o a f l u e n c e o f 2 . 0 x 1 0 2 2 n e u t r o n s / c m 2 , s t r i n g e r e d a r r a y s o f 

noncohe ren t p r e c i p i t a t e s were f ound t h a t a p p a r e n t l y had descended f rom 

t h e o r i g i n a l c o h e r e n t p r e c i p i t a t e s . Most had v o i d s a t t a c h e d as can be 

seen i n F i g . 3 ( b ) . A t t h e same i r r a d i a t i o n t e m p e r a t u r e b u t a t a h i g h e r 

f l u e n c e , 3 x 1 0 2 2 n e u t r o n s / c m 2 , c o n s i d e r a b l e g r o w t h o f t h e v o i d s had 

o c c u r r e d and a l l v o i d s were a t t a c h e d t o p r e c i p i t a t e p a r t i c l e s . I n a d d i -

t i o n , as shown i n F i g . 3 ( c ) , l a r g e v o i d s were a s s o c i a t e d w i t h l a r g e p r e -

c i p i t a t e p a r t i c l e s s u g g e s t i n g t h a t a t l e a s t some o f t h e i m p u r i t i e s 

i n v o l v e d i n t h e p r e c i p i t a t e s were dragged w i t h t h e v a c a n c i e s t o t h e v o i d s . 

V o i d s t a t i s t i c s f o r t h e t i t a n i u m - m o d i f i e d s t e e l a r e a l s o g i v e n i n 

T a b l e 1 where t hey can be compared w i t h v a l u e s f o r t h e s t a n d a r d a l l o y . 

A t 440°C v o i d s i z e s i n t h e two a r e comparable b u t v o i d c o n c e n t r a t i o n s 

and t h u s s w e l l i n g a re about a f a c t o r o f 4 l o w e r i n t h e m o d i f i e d s t e e l . 

A t 590°C, however , b o t h v o i d c o n c e n t r a t i o n s and s i z e s a re g r e a t e r i n 

t h e t i t a n i u m - m o d i f i e d a l l o y . These o b s e r v a t i o n s may be i n t e r p r e t e d i n 

te rms o f a s h i f t o f t h e range o f v o i d f o r m a t i o n t o h i g h e r t e m p e r a t u r e s 

by t h e a d d i t i o n o f 0.15% T i t o t y p e 304 s t a i n l e s s s t e e l . 

l l W . R. M a r t i n and J . R. W e i r , " S o l u t i o n s t o t h e Problems o f H i g h -
Temperature I r r a d i a t i o n E m b r i t t l e m e n t , " pp. 440—457 i n Effeats of Radia-
tion on Structural Metalss Spec. Tech. Publ. 426, Amer ican S o c i e t y f o r 
T e s t i n g and M a t e r i a l s , P h i l a d e l p h i a , 1967. 

1 2 E . E. Bloom and J . R. W e i r , "Deve lopment o f A u s t e n i t i c S t a i n l e s s 
S t e e l s w i t h Improved R e s i s t a n c e t o E l e v a t e d - T e m p e r a t u r e I r r a d i a t i o n 
E m b r i t t l e m e n t , " pp . 261—289 i n Irradiation Effects in Structural Alloys 
for Thermal and Fast Reactorss Spec. Tech. Publ. 457, Amer ican S o c i e t y 
f o r T e s t i n g and M a t e r i a l s , P h i l a d e l p h i a , 1969. 



PHOTO 1087- 71 
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F i g . 3 . A s s o c i a t i o n o f Voids and P r e c i p i t a t e s i n Tvve 304 + n 7'/ r< q- * i * , 
1 h r a t 925°C, (b) i r r a d i a t e d a t 590°C t o 2 0 x i n " I / t , S t a i n l e s s S t e e l . ( a ) Annealed 
590*C t o 3 . 0 I 10 neu t rons /cm (> o ' l MeV)'? neu t rons /cm 2 (> 0 . 1 MeV), and (c ) i r r a d i a t e d a t 
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T e n s i l e P r o p e r t i e s 

The e f f e c t s o f i r r a d i a t i o n on t h e t e n s i l e p r o p e r t i e s o f annea led 

t y p e 304 s t a i n l e s s s t e e l a re shown i n F i g . 4 . Specimens i r r a d i a t e d and 

t e s t e d a t 450°C e x h i b i t e d a y i e l d s t r e n g t h x*hich was a p p r o x i m a t e l y a 

f a c t o r o f 5 h i g h e r t h a n t h e v a l u e f o r u n i r r a d i a t e d spec imens. W i t h 

i n c r e a s i n g t e m p e r a t u r e t h e y i e l d s t r e n g t h o f t h e i r r a d i a t e d m a t e r i a l 

decreased and approached t h e v a l u e f o r u n i r r a d i a t e d specimens a t 700 t o 

750°C. Specimens i r r a d i a t e d a t 590°C and t e s t e d a t 450, 550, and 650°C 

a l l e x h i b i t e d s i m i l a r y i e l d s t r e n g t h s . The u l t i m a t e t e n s i l e s t r e n g t h s 

were s i m i l a r f o r i r r a d i a t e d and u n i r r a d i a t e d specimens excep t a t t h e 

l o w e s t t e s t t e m p e r a t u r e (450°C) where t h e i r r a d i a t e d v a l u e s were some-

what h i g h e r . D u c t i l i t y as measured by u n i f o r m s t r a i n , t o t a l e l o n g a t i o n , 

(x103) 
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F i g . 4 . E f f e c t o f Fas t N e u t r o n I r r a d i a t i o n on t h e T e n s i l e P r o p e r t i e s 
o f Annea led Type 304 S t a i n l e s s S t e e l . The numbers by each d a t a p o i n t a r e 
f l u e n c e s x 10~ 2 2 (> 0 . 1 MeV). 
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and r e d u c t i o n i n a rea was reduced a t a l l t e m p e r a t u r e s . The r e d u c t i o n i n 

d u c t i l i t y became mora severe w i t h i n c r e a s i n g f a s t n e u t r o n f l u e n c e . N o t e , 

f o r example, t h a t i n F i g . 4 t he u n i f o r m s t r a i n f o r specimens i r r a d i a t e d 

t o 1 . 5 and 3 .5 x 1 0 2 2 n e u t r o n s / c m 2 (> 0 . 1 MeV) l i e a t t he upper and lower 

edges o f t h e s c a t t e r band, r e s p e c t i v e l y - A t 450°C t h e reduced u n i f o r m 

s t r a i n r e s u l t e d f rom a reduced work h a r d e n i n g c o e f f i c i e n t and t h u s p l a s -

t i c i n s t a b i l i t y o c c u r r e d e a r l y i n t h e d e f o r m a t i o n . M e t a l l o g r a p h i c exami -

n a t i o n i n d i c a t e d t h a t t h e f r a c t u r e s were t r a n s g r a n u l a r w i t h a l a r g e amount 

o f d e f o r m a t i o n h a v i n g o c c u r r e d i n t h e immedia te v i c i n i t y o f t h e f a i l u r e . 

A t 750°C t he s t r e s s - s t r a i n c h a r a c t e r i s t i c s were u n a f f e c t e d by i r r a d i a t i o n . 

A t t hese h i g h e r t empe ra tu res t h e f r a c t u r e s were p r e d o m i n a n t l y i n t e r g r a n u -

l a r w i t h u n i f o r m s t r a i n , t o t a l e l o n g a t i o n , and r e d u c t i o n i n a rea w e l l 

be low t h e u n i r r a d i a t e d v a l u e s . I n specimens w h i c h were i r r a d i a t e d and 

t e s t e d a t 450°C, t h e d e f o r m a t i o n was c o n f i n e d t o p l a n a r bands w i t h i n t h e 

m a t r i x as shown i n F i g . 5 ( a ) . A l a r g e amount o f d e f o r m a t i o n had o c c u r r e d 

w i t h i n t h e s e bands . I n some i n s t a n c e s shear s t r a i n s o f 2 t o 3 were mea-

su red f r om o b s e r v a t i o n s o f d i s p l a c e m e n t o f i n t e r s e c t i n g bands . I t d i d 

n o t appear t h a t t h e i r r a d i a t i o n - p r o d u c e d d e f e c t s were e l i m i n a t e d by t he 

d e f o r m a t i o n as has been observed i n some m e t a l s . 1 3 Vo ids w h i c h were 

1 3 I . G. G r e e n f i e l d and H .G.F . W i l s d o r f , J . Appl. Phys. 32: 827 ( 1 9 6 7 ) . 

F i g . 5 . M i c r o s t r u c t u r e s I l l u s t r a t i n g t h e D i f f e r e n t D e f o r m a t i o n S t r u c -
t u r e s i n Specimens. (a ) I r r a d i a t e d and t e s t e d a t 450°C and (b ) i r r a d i a t e d 
a t 590°C and t e s t e d a t 650°C. 
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l o c a t e d w i t h i n t h e bands were d i s t o r t e d i n shape o r sheared by t h e l a r g e 

amount o f s t r a i n . The d i s l o c a t i o n s t r u c t u r e i n the bands a f t e r d e f o r m a -

t i o n was v e r y complex and c o u l d n o t be a n a l y z e d i n d e t a i l . No e v i d e n c e 

was found t o i n d i c a t e t h a t d e f o r m a t i o n had o c c u r r e d between t h e bands . 

I n a spec imen i r r a d i a t e d a t 590°C and t e s t e d a t 650°C t h e d e f o r m a t i o n 

was s i m i l a r t o t h a t o f an u n i r r a d i a t e d specimen w i t h the f o r m a t i o n o f 

d i s l o c a t i o n t a n g l e s and c e l l s as shown i n F i g . 5 ( b ) . 

P o s t i r r a d i a t i o n t e n s i l e p r o p e r t i e s f o r annea led and 10% c o l d - w o r k e d 

t y p e 304 s t a i n l e s s s t e e l i r r a d i a t e d and t e s t e d a t 450°C a r e g i v e n i n 

T a b l e 2 . As d i s c u s s e d above, i r r a d i a t i o n o f annea led t y p e 304 s t a i n l e s s 

s t e e l caused a l a r g e i n c r e a s e i n y i e l d s t r e n g t h , a s m a l l i n c r e a s e i n 

u l t i m a t e t e n s i l e s t r e n g t h , and l a r g e r e d u c t i o n s i n u n i f o r m s t r a i n and 

t o t a l e l o n g a t i o n . Co ld w o r k i n g 10% caused s i m i l a r changes i n t h e s e 

p r o p e r t i e s and i r r a d i a t i o n o f t h e c o l d - w o r k e d m a t e r i a l p roduced o n l y 

m ino r changes . A s l i g h t l y d i f f e r e n t t r e n d was n o t e d f o r t h e r e d u c t i o n 

i n a r e a and f r a c t u r e s t r e s s . I n t h e u n i r r a d i a t e d specimens t h e r e d u c -

t i o n i n a r e a and f r a c t u r e s t r e s s were about t h e same f o r t h e annea led 

T a b l e 2 . T e n s i l e P r o p e r t i e s o f Annea led and 10% Cold-Worked 
Type 304 S t a i n l e s s S t e e l I r r a d i a t e d and Tes ted a t 450°C 

C o n d i t i o n S t r e s s , p s i E l o n g a t i o n , % R e d u c t i o n F r a c t u r e C o n d i t i o n 
Y i e l d U l t i m a t e U n i f o r m T o t a l i n A rea 

(%) 
S t r e s s 

( p s i ) 

Annea led 
u n i r r a d i a t e d 

15 ,500 71 ,700 4 7 . 3 5 1 . 8 6 0 . 7 130,300 

Annea led 
i r r a d i a t e d 

85,300 90 ,500 6 . 5 1 1 . 3 35 .9 102,000 

10% c o l d wo rk 
u n i r r a d i a t e d 

89,500 96 ,500 4 . 5 9 . 4 5 3 . 3 146,400 

10% c o l d wo rk 
i r r a d i a t e d b 

89,500 97 ,000 5 . 0 6 . 9 1 9 . 6 106,500 

a 1 . 5 x 1 0 2 2 n e u t r o n s / c m 2 (> 0 . 1 MeV). 
L 

2 . 5 x 1 0 2 2 n e u t r o n s / c m 2 (> 0 . 1 MeV). 
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and 10% c o l d - w o r k e d samples. I r r a d i a t i o n caused a r e d u c t i o n i n b o t h o f 

t hese p a r a m e t e r s . 

The a d d i t i o n o f 0.15% T i t o t y p e 304 s t a i n l e s s s t e e l d i d no t s i g n i f -

i c a n t l y a l t e r t h e p o s t i r r a d i a t i o n t e n s i l e s t r e n g t h p r o p e r t i e s as can be 

seen by compar ing v a l u e s g i v e n i n T a b l e 3 w i t h c o r r e s p o n d i n g v a l u e s f o r 

t he s t a n d a r d m a t e r i a l p l o t t e d i n F i g . 4 . However, d u c t i l i t y , as measured 

by u n i f o r m s t r a i n , t o t a l e l o n g a t i o n , o r r e d u c t i o n i n a r e a , was somewhat 

h i g h e r f o r t h e t i t a n i u m - m o d i f i e d specimens i r r a d i a t e d and t e s t e d a t tem-

p e r a t u r e s above about 450°C. 

T a b l e 3 . P o s t i r r a d i a t i o n T e n s i l e P r o p e r t i e s o f 
T i t a n i u m - M o d i f i e d Type 304 S t a i n l e s s S t e e l 

Fas t N e u t r o n 
F luence 

( > 0 . 1 MeV) 
( n e u t r o n s / c m 2 ) 

Tempera tu re , °C S t r e s s , p s i E l o n g a t i o n , % R e d u c t i o n 

I r r a d i a t i o n T e s t Y i e l d U l t i m a t e U n i f o r m T o t a l l n , £ f e a 

x 10 

1 . 3 a 

2 . 0 b 

2 . 0 b 

3 . 0 b 

22 

450 450 6 8 . 0 77 .0 6 . 6 11.9 28 .6 

590 550 39 .6 5 3 . 9 1 9 . 1 24 .6 37 .7 

590 650 3 5 . 8 4 0 . 7 8 . 8 30.4 34 .9 

820 750 15 .5 17 .4 10 .0 44 .2 4 7 . 0 

Annealed 1 h r a t 1040°C, t e s t e d a t 0 . 0 1 / m i n . 

A n n e a l e d 1 h r a t 925°C, t e s t e d a t 0 . 0 0 2 / m i n . 

Creep-Ruptu re P r o p e r t i e s 

The e f f e c t s o f i r r a d i a t i o n t o f l u e n c e s i n t h e range 1 . 5 x 10 2 2 

n e u t r o n s / c m 2 ( > 0 . 1 MeV) on t h e c r e e p - r u p t u r e p r o p e r t i e s o f annea led 

t y p e 304 s t a i n l e s s s t e e l a r e shown i n F i g . 6 . A t 550 and 600°C no ma jo r 

change i n t h e r u p t u r e l i f e was f o u n d , b u t a t these two t empe ra tu res t h e 

c reep r a t e s o f t h e i r r a d i a t e d samples were l o w e r , by a p p r o x i m a t e l y a 

f a c t o r o f 2 , t han those e x h i b i t e d by t h e u n i r r a d i a t e d spec imens. N o t e , 

however , t h a t t he u n i r r a d i a t e d m a t e r i a l was t e s t e d a t s t r e s s e s above t h e 

y i e l d s t r e s s and t h u s s t r a i n o c c u r r e d d u r i n g a p p l i c a t i o n o f t h e l o a d . 
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(b ) c reep r a t e , and ( c ) t o t a l e l o n g a t i o n . 



1 6 

For examp le , a t 550°C i t i s e s t i m a t e d t h a t 13% s t r a i n o c c u r r e d upon 

a p p l i c a t i o n o f 55 ,000 p s i s t r e s s . I n c o m p a r i s o n , t h e y i e l d s t r e s s o f 

t h e i r r a d i a t e d spec imens a t 550°C was about 54 ,000 p s i and t h u s e s s e n -

t i a l l y no p l a s t i c s t r a i n o c c u r r e d on l o a d i n g . I n essence , t he c reep 

r a t e r e s u l t s i n d i c a t e t h a t t h e v o i d and d i s l o c a t i o n l o o p s t r u c t u r e s 

shown i n F i g s . 1 and 2 dec reased t h e c reep r a t e by abou t t h e same amount 

as t h e l o a d i n g d e f o r m a t i o n w h i c h was i n t r o d u c e d d u r i n g a p p l i c a t i o n o f 

t h e s t r e s s t o t h e u n i r r a d i a t e d spec imens . The c reep c u r v e and r e s u l t s 

o f t r a n s m i s s i o n and scann ing e l e c t r o n m i c r o s c o p y e x a m i n a t i o n s o f a s p e c -

imen w h i c h was i r r a d i a t e d a t 535°C t o 1 .5 * 1 0 2 2 n e u t r o n s / c m 2 and t e s t e d 

a t 550°C and 35 ,000 p s i a r e summar ized i n F i g . 7 . B e f o r e t e s t , t h e s p e c -

imen c o n t a i n e d 2 . 3 x 101** v o i d s / c m 3 w i t h a mean v o i d d i a m e t e r o f 230 A 

and abou t 2 x 1 0 1 5 f a u l t e d d i s l o c a t i o n l o o p s / c m 3 . The u n s t r e s s e d s h o u l d e r 

p o r t i o n o f t h e t e s t e d spec imen c o n t a i n e d abou t 9 . 4 x i o 1 3 v o i d s / c m 3 w i t h 
o 

a mean d i a i o a t e r o f 190 A and a d i s l o c a t i o n s t r u c t u r e c o n s i s t i n g o f f a u l t e d 

l o o p s , p e r f e c t l o o p s (p resumab ly p roduced by t h e r m a l l y a c t i v a t e d u n f a u l t i n g ) , 

and segments o f d i s l o c a t i o n l i n e s w h i c h c o u l d have r e s u l t e d fron t h e c l i m b 

and i n t e r a c t i o n o f p e r f e c t l o o p s . I n t h e s t r e s s e d gage s e c t i o r t h e v o i d 

c o n c e n t r a t i o n was 5 x i o 1 3 v o i d s / c m 3 , and t h e mean v o i d d i a m e t e r was 

200 No f a u l t e d l o o p s were p r e s e n t i n t h i s p o r t i o n o f t h e spec imen , 

and t h e d i s l o c a t i o n d e n s i t y was s l i g h t l y h i g h e r t h a n i n t h e u n s t r e s s e d 

s h o u l d e r . The f a u l t e d l o o p s c o u l d have been removed by i n t e r a c t i o n w i t h 

g l i d e d i s l o c a t i o n s as shown by S t r u d e l and Washburn.1 1 1 These r e s u l t s 

i n d i c a t e t h a t t h e i r r a d i a t i o n - p r o d u c e d m i c r o s t r u c t u r e i s q u i t e s t a b l e 

t o a n n e a l i n g , w h e t h e r s t r e s s e d o r u n s t r e s s e d , when h e l d a t o r n e a r t h e 

i r r a d i a t i o n t e m p e r a t u r e . 

Specimens w h i c h were i r r a d i a t e d and t e s t e d a t 550 and 600°C e x h i b i t e d 

t o t a l e l o n g a t i o n s i n t h e range 0 . 5 t o 3.0% [ F i g . 6 ( c ) ] . For t h e s e i r r a -

d i a t i o n and t e s t c o n d i t i o n s t h e f r a c t u r e s were c o m p l e t e l y i n t e r g r a n u l a r 

( F i g . 7 ) . O p t i c a l m e t a l l o g r a p h y o f t e s t e d specimens showed few i f any 

seconda ry g r a i n - b o u n d a r y c r a c k s o r i n c i p i e n t f r a c t u r e s , t h u s i n d i c a t i n g 

t h a t a c r a c k , once i n i t i a t e d , p r o p a g a t e s r a p i d l y t o cause f a i l u r e . 

x \ j . L . S t r u d e l and J . Washburn, Phil. Mag. 9 : 491 ( 1 9 6 8 ) . 
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Specimens w h i c h were i r r a d i a t e d a t 800°C and t e s t e d a t 704°C e x h i b i t e d 

d u c t i l i t i e s wh i ch were lower than those f o r t h e u n i r r a d i a t e d samples b u t 

h i g h e r than those f o r specimens i r r a d i a t e d and t e s t e d a t 550 t o 600°C. 

A t 704°C t h e c reep r a t e was h i g h e r f o r t he i r r a d i a t e d spec imens. The 

c o m b i n a t i o n o f i n c r e a s e d creep r a t e and reduced d u c t i l i t y l e d t o r e d u c -

t i o n s i n r u p t u r e l i f e o f about an o r d e r o f m a g n i t u d e . 

The r e s u l t s o f c r e e p - r u p t u r e t e s t s f o r t he t i t a n i u m - m o d i f i e d t y p e 304 

s t a i n l e s s s t e e l a f t e r i r r a d i a t i o n a re l i s t e d i n T a b l e 4 . A t 600°C, t h e 

r u p t u r e l i f e o f t h e m o d i f i e d a l l o y was about o n e - f o u r t h t h a t o f t h e s t a n -

dard m a t e r i a l i r r a d i a t e d i n t h e same expe r imen t a t t h e same t e m p e r a t u r e s ; 

i t s minimum creep r a t e was about t e n t imes h i g h e r . These d i f f e r e n c e s i n 

s t r e n g t h p r o p e r t i e s were a r e s u l t o f t he f i n e r g r a i n s i z e i n t h e t i t a n i u m -

m o d i f i e d t ype 304 s t a i n l e s s s t e e l (annea led 1 h r a t 925°C b e f o r e i r r a d i a -

t i o n ) as compared t o t h a t i n t h e s t a n d a r d t y p e 304 s t a i n l e s s s t e e l 

(annea led 1 h r a t 1050°C b e f o r e i r r a d i a t i o n ) . The d u c t i l i t y o f t h e mod-

i f i e d a l l o y a f t e r i r r a d i a t i o n , i n tsrras o f e l o n g a t i o n a t t h e end o f 

second-s tage c r e e p , t o t a l e l o n g a t i o n , o r r e d u c t i o n i n a r e a , was s i g n i f i -

c a n t l y h i g h e r t h a n t h a t o f t he s t a n d a r d t y p e 304 s t a i n l e s s s t e e l . R e s u l t s 

o f m e t a l l o g r a p h i c e x a m i n a t i o n o f a specimen o f t h e m o d i f i e d a l l o y i r r a -

d i a t e d a t about 590°C t o 3 . 0 x 1 0 2 2 n e u t r o n s / c m 2 and t h e n creep t e s t e d 

a t 600°C and 27 ,500 p s i s t r e s s a r e summarized i n F i g . 8 . Note f r om t h e 

cu rve o f s t r a i n v e r s u s t i m e t h a t t h e m a t e r i a l underwent about 11% s t r a i n 

b e f o r e g o i n g i n t o t h i r d - s t a g e c reep as compared t o ze ro t h i r d - s t a g e c reep 

and 0.5% s t r a i n t o f a i l u r e i n t h e s t a n d a r d a l l o y (see F i g . 7 ) . T r a n s -

m i s s i o n e l e c t r o n m ic roscopy o f specimens f rom t h e s t r e s s e d gage s e c t i o n 

r e v e a l e d t h a t a d i s l o c a t i o n c e l l s t r u c t u r e had formed w i t h t h e v o i d s and 

p r e c i p i t a t e p a r t i c l e s a c t i n g as p i n n i n g p o i n t s . Most s i g n i f i c a n t was 

t he o b s e r v a t i o n by means o f scann ing e l e c t r o n m i c r o s c o p y t h a t t h e s p e c i -

men had f a i l e d i n a v e r y d u c t i l e , p r e d o m i n a n t l y t r a n s g r a n u l a r mode. T h i s 

can be compared t o t he i n t e r g r a n u l a r f r a c t u r e o f s t a n d a r d t y p e 304 s t a i n -

l e s s s t e e l w h i c h i s shown i n F i g . 7. 

DISCUSSION 

The v o i d , d i s l o c a t i o n , and p r e c i p i t a t e s t r u c t u r e s wh i ch were fo rmed 

i n annea led t y p e 304 s t a i n l e s s s t e e l d u r i n g i r r a d i a t i o n t o n e u t r o n f l u e n c e s 



cl 
Tab le 4 , Creep-Rup tu re P r o p e r t i e s o f T i t a n i u m - M o d i f i e d Type 304 S t a i n l e s s S t e e l A f t e r I r r a d i a t i o n 

Fas t Neu t ron Rup tu re 
L i f e 
( h r ) 

Minimum E l o n g a t i o n , % R e d u c t i o n 
i n Area 

(%) 

F luence 
( > 0 . 1 MeV) 

( n e u t r o n s / c m 2 ) 

Tempera tu re , 

I r r a d i a t i o n 

°C 

Tes t 

S t r e s s 
( p s i ) 

Rup tu re 
L i f e 
( h r ) 

Creep 
Rate 

(%/h r ) 

A t End o f 
Second 
Stage 

T o t a l 

R e d u c t i o n 
i n Area 

(%) 

x 10 2 2 

2 . 0 590 600 32,500 1 4 6 . 1 0 .072 5 2 1 . 1 23 

3 . 0 590 600 27,500 2 2 0 . 1 0 .054 11 1 7 . 0 22 

3 .0 590 600 20,000 3046.7 0 .0019 9 9 . 9 16 

3 . 0 800 704 15,000 49.9 0 .49 20 3 5 . 1 24 .5 

3 . 0 800 704 12,500 287.4 0 .076 13 29 .8 3 0 . 1 

Specimens were annea led 1 h r a t 925°C b e f o r e i r r a d i a t i o n i n t he E B R - I I . 
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o f 1 . 5 t o 3 . 5 x 1 0 2 2 n e u t r o n s / c m 2 (> 0 . 1 MeV) a t t e m p e r a t u r e s be tween 

400 and 820°C have been c h a r a c t e r i z e d by t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y . 

Changes i n t e n s i l e p r o p e r t i e s were i n q u a l i t a t i v e agreement w i t h t h e s e 

m i c r o s t r u c t u r a l o b s e r v a t i o n s . The l a r g e i n c r e a s e i n y i e l d s t r e s s a t t h e 

l ower i r r a d i a t i o n and t e s t t e m p e r a t u r e was a r e s u l t o f t h e complex d e f e c t 

s t r u c t u r e s formed d u r i n g i r r a d i a t i o n . The i n c r e a s e i n y i e l d s t r e s s became 

l e s s a t h i g h e r i r r a d i a t i o n t empe ra tu res due t o t h e d e c r e a s i n g d e f e c t c o n -

c e n t r a t i o n s . The c o n t r i b u t i o n s o f t h e v a r i o u s d e f e c t s i n p r o d u c i n g t h e 

obse rved i n c r e a s e i n y i e l d s t r e s s a r e d i f f i c u l t t o assess . Us ing t h e 

c a l c u l a t i o n s o f Foreman1 5 and F l e i s c h e r , 1 6 t h e i n c r e a s e i n y i e l d s t r e s s 

(Aa^) due t o l o o p s i s a p p r o x i m a t e l y 

Gb(N d J 1 / 2 

A a * " — T T • < « 

where N^ i s t h e l oop d e n s i t y , d^ i s t h e l o o p d i a m e t e r , G i s t h e shear 

modu lus , and b i s t h e Bu rge rs v e c t o r . For t h e specimen i r r a d i a t e d a t 

440°C and t e s t e d a t 450°C, t h e p r e d i c t e d i n c r e a s e i n y i e l d s t r e s s due 

t o l o o p s i s a p p r o x i m a t e l y 21 ,000 p s i . Us ing t h e r e s u l t s o f Coulomb1 7 t he 

h a r d e n i n g due t o c a v i t i e s i s g i v e n by Aa^ = 2Gb/£ , where I = 1 / ( N ^ d ^ ) 1 / 2 

i s t h e v o i d s p a c i n g (d i s t he mean v o i d d i a m e t e r and N i s t h e v o i d c o n -v v 
c e n t r a t i o n ) . For t h e above spec imen, AO^ due t o v o i d s wou ld be abou t 

9000 p s i . Us ing t h e e x p r e s s i o n 1 8 

totctax= ( V + A O v 2 > ' / 2 » <2> 

t h e p r e d i c t e d y i e l d s t r e s s i n c r e a s e i s 24 ,000 p s i w h i c h i s abou t a f a c t o r 

o f 2 s m a l l e r t h a n o b s e r v e d . I n specimens i r r a d i a t e d and t e s t e d a t h i g h e r 

t e m p e r a t u r e s , t h e observed i n c r e a s e i n y i e l d s t r e s s was i n c l o s e a g r e e -

ment w i t h t h e v a l u e c a l c u l a t e d f r o m d i s l o c a t i o n n e t w o r k and p r e c i p i t a t e 

1 5 A . J . E . Foreman, Phil. Mag. 17 : 353 ( 1 9 6 8 ) . 
1 6 R. L . F l e i s c h e r , Acta Met. 10 : 835 ( 1 9 6 2 ) . 
1 7 P . Coulomb, Acta Met. 7 : 556 ( 1 9 5 9 ) . 
1 8 T . J . ICoppenaal and D. K u h l m a n n - W i l s d o r f , Appl. Phys. Letters 

4 : 59 ( 1 9 6 4 ) . 
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h a r d e n i n g . The p o o r e r agreement a t 450°C may be due t o s m a l l d e f e c t s o r 

p r e c i p i t a t e p a r t i c l e s wh i ch c o n t r i b u t e t o the h a r d e n i n g b u t a r e i n v i s i b l e 

by t r a n s m i s s i o n e l e c t r o n m ic roscopy due t o t h e complex d i s l o c a t i o n s t r u c -

t u r e . A d d i t i o n a l l y , Eq. (1 ) was n o t d e r i v e d f o r t h e p r e s e n t case . I t s 

use has been s a n c t i o n e d by r e a s o n a b l e agreement w i t h expe r imen t i n s e v e r a l 

p r e v i o u s c a s e s . 1 8 " " 2 0 The t e n s i l e p r o p e r t i e s o f specimens w h i c h were c o l d 

worked 10% p r i o r t o i r r a d i a t i o n a t 450°C were s i m i l a r t o t hose o f s p e c i -

mens wh i ch were i r r a d i a t e d i n t h e annea led c o n d i t i o n . T h i s i s t h e expec ted 

r e s u l t because t h e d i s l o c a t i o n s t r u c t u r e c o n t r o l s t he s t r e n g t h whether t he 

d i s l o c a t i o n s a re i n t r o d u c e d by i r r a d i a t i o n o r c o l d w o r k . A t h i g h e r i r r a -

d i a t i o n t e m p e r a t u r e s (550 t o 750°C) , where r e c o v e r y o r r e c r y s t a l l i z a t i o n 

may o c c u r , t h e b e h a v i o r o f annea led and c o l d - w o r k e d m a t e r i a l i s expec ted 

t o be c o n s i d e r a b l y d i f f e r e n t . 

Holmes e t a l . 1 9 , 2 1 have shown t h a t i n annea led t y p e 304 s t a i n l e s s 

s t e e l i r r a d i a t e d a t abou t 540°C t o 1 . 4 x 1 0 2 2 n e u t r o n s / c m 2 (> 0 .18 MeV) 

and t e s t e d i n t h e range 20 t o 871°C f u l l r e c o v e r y o f t h e y i e l d s t r e s s 

does n o t occu r u n t i l a t e s t t empe ra tu re o f 816°C i s r e a c h e d . I n t h e 

p r e s e n t s t u d y no s i g n i f i c a n t y i e l d s t r e s s i n c r e a s e was found above 700 

t o 750°C. The i m p o r t a n c e o f t e s t i n g a t o r nea r t h e i r r a d i a t i o n t emper -

a t u r e when i n v e s t i g a t i n g t h e e f f e c t s o f i r r a d i a t i o n on m e c h a n i c a l p r o p -

e r t i e s i s t h u s a p p a r e n t . 

The most s i g n i f i c a n t e f f e c t o f i r r a d i a t i o n on mechan i ca l p r o p e r t i e s 

i s t h e l o s s o f d u c t i l i t y . For i r r a d i a t i o n t empe ra tu res be low 500°C, a 

l a r g e r e d u c t i o n i n u n i f o r m and t o t a l t e n s i l e e l o n g a t i o n o c c u r s . T h i s 

e f f e c t can be r e l a t e d t o t h e reduced w o r k - h a r d e n i n g c o e f f i c i e n t s i n c e 

n e c k i n g o r p l a s t i c i n s t a b i l i t y o c c u r s when t h e t r u e s t r a i n e q u a l s t h e 

w o r k - h a r d e n i n g c o e f f i c i e n t . The f l o w s t r e s s i s i n i t i a l l y h i g h due t o 

t h e p resence o f t h e i r r a d i a t i o n - p r o d u c e d d e f e c t s . Once i t i s i n i t i a t e d , 

s l i p rema ins c o n f i n e d t o na r row bands . The e x a c t mechanism f o r t h e 

1 9 J . J . Holmes, R. E. Robb ins , J . L . B r i m h a l l , and B. M a s t e l , 
Acta Met. 16: 955 (1968). 

2 0 P . J . B a r t o n and P .R .B . H i g g i n s , p . 362 i n Irradiation Effects in 
Structural Alloys for Nuclear Reactor Applications, Spec. Tech. Publ. 4849 
Amer ican S o c i e t y f o r T e s t i n g and M a t e r i a l s , P h i l a d e l p h i a , March 1971. 

2 1 J . J . Holmes, R. E. Robb ins , and J . L . B r i m h a l l , J. Nucl. Mater. 
32 : 330 ( 1 9 6 9 ) . 
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f o r m a t i o n o f t hese bands i s n o t u n d e r s t o o d . S i m i l a r f e a t u r e s a r e 

observed i n u n i r r a d i a t e d s t a i n l e s s s t e e l s when t he m a t e r i a l has been 

s t r a i n e d i n excess o f about 10% a t room t e m p e r a t u r e . O the r i n v e s t i g a t o r s 

have r e p o r t e d t h a t t hese bands a re c l u s t e r s o f s t a c k i n g f a u l t s p roduced 

by s l i p on c l o s e l y spaced s l i p p l a n e s , 2 2 t h a t t h e y a re m e c h a n i c a l t w i n s , 2 3 

or t h a t t h e y a re a h e x a g o n a l e p s i l o n p h a s e . 2 u C o m p l i c a t i o n s i n t h e d i f -

f r a c t i o n p a t t e r n s f r om t h e f a u l t e d l oops p r e v e n t e d a p o s i t i v e i d e n t i f i c a -

t i o n I n t h i s case . The bands n o r m a l l y a r e n o t found i n m a t e r i a l s deformed 

a t e l e v a t e d t e m p e r a t u r e s . E v i d e n t l y t he s t r e n g t h e n i n g f r o m t h e r a d i a t i o n -

i nduced d e f e c t s promoted t h e i r o c c u r r e n c e . The bands obse rved i n t he 

p r e s e n t s t u d y were n o t channe l s i n t he sense t h a t t hey had been swept 

f r e e o f d i s l o c a t i o n s and v o i d s . I t i s p o s s i b l e t h a t t he s l i p d i s l o c a -

t i o n s weaken t h e i r r a d i a t i o n - p r o d u c e d d e f e c t s w i t h i n t hese bands , and 

subsequent d e f o r m a t i o n does n o t p roduce s u f f i c i e n t work h a r d e n i n g t o 

cause t h e f l o w s t r e s s w i t h i n t h e bands t o r e a c h t h a t o f t h e m a t r i x . 

Below about 500°C, t h e m a t e r i a l f r a c t u r e s i n a d u c t i l e t r a n s g r a n u l a r 

mode i n b o t h t h e i r r a d i a t e d and u n i r r a d i a t e d c o n d i t i o n s . Lower r e d u c t i o n s 

i n a r e a and f r a c t u r e s t r e s s e s w e r e , however , observed i n t h e i r r a d i a t e d 

spec imens. A t l ow t e m p e r a t u r e s ( e . g . , 450°C) t h e f r a c t u r e s may w e l l be 

i n i t i a t e d i n a manner s i m i l a r t o t h a t p roposed by Roge rs 2 5 and P u t t i c k . 2 6 

C a v i t i e s i n i t i a l l y f o rm i n r e g i o n s o f h i g h s t r e s s e s c r e a t e d by inhomo-

geneous d e f o r m a t i o n o r a t n o n t n e t a l l i c i n c l u s i o n s due t o inhomogeneous 

s t r a i n a t t h e i n t e r f a c e . As s t r a i n i n g p roceeds t h e c a v i t i e s g row , 

e v e n t u a l l y l i n k i n g t o f o r m a c e n t r a l c r a c k . T h i s c r a c k p r o p a g a t e s as 

d e f o r m a t i o n i s c o n c e n t r a t e d a t i t s t i p w i t h l a r g e numbers o f c a v i t i e s 

b e i n g n u c l e a t e d i n t h e r e g i o n o f heavy shear s t r a i n . I n i r r a d i a t e d 

m a t e r i a l , c r a c k s may have i n i t i a t e d and p r o p a g a t e d by t h e same p r o c e s s , 

b u t a t l o w e r o v e r a l l s t r a i n s due t o t h e h i g h c o n c e n t r a t i o n o f s t r a i n i n 

t h e o b s e r v e d c h a n n e l s . 

2 2 B . Weiss and R. S t i c k l e r , West inghouse Research L a b o r a t o r i e s 
S c i e n t i f i c Paper 70-1D4-STABL-P1, J u l y 1970. 

2 3 J . A . Maza, J, Iron Steel Inst. (London) 204: 783 ( 1 9 6 6 ) . 
2 l f P . A. B l e n k i n s o p and J . N u t t i n g , J. Iron Steel Inst. (London) 

205: 953 ( 1 9 6 7 ) . 
2 5 U. C. Ropers, Trans. Met, Soc. Aim 218: 498 (1960) . 
2 6 K . E . P u t t i c k , Phil. Mag. 4 : 964 ( 1 9 6 0 ) . 
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I n t he range 500 t o 600°C the t e n s i l e p r o p e r t i e s a re a f f e c t e d l e s s 

than a t l ower t empera tu res because o f t h e reduced c o n c e n t r a t i o n s o f v o i d s 

and d i s l o c a t i o n s . At these t e m p e r a t u r e s , however , v e r y l a r g e r e d u c t i o n s 

i n c reep—rupture d u c t i l i t y o c c u r . I t i s w i t h i n t h i s t empe ra tu re range 

t h a t the e f f e c t s o f t r a n s m u t a t i o n - p r o d u c e d h e l i u m a r e f i r s t o b s e r v e d , 2 7 

The l o s s o f d u c t i l i t y c a n n o t , however , be a t t r i b u t e d s o l e l y t o e f f e c t s 

o f h e l i u m . F i r s t , specimens c o n t a i n i n g t h e same amount o f h e l i u m 

e x h i b i t e d h i g h e r d u c t i l i t y when i r r a d i a t e d and t e s t e d a t h i g h e r tempera-

t u r e s (750°C) where v o i d f o r m a t i o n d i d n o t occu r and t he e f f e c t s o f 

h e l i u m a r e expec ted t o be more p ronounced . Second l y , as d i s cussed p r e -

v i o u s l y , 2 8 specimens c o n t a i n i n g u n i f o r m c o n c e n t r a t i o n s o f i n j e c t e d h e l i u m 

do no t e x h i b i t such l a r g e r e d u c t i o n s i n d u c t i l i t y as t hose found i n t h e 

i r r a d i a t e d spec imens. Scanning e l e c t r o n m ic roscopy and o p t i c a l m e t a l -

l o g r a p h y i n d i c a t e d t h a t t h e f r a c t u r e s i n t he s t a n d a r d a l l o y were i n t e r -

g r a n u l a r and t h a t a c r a c k , once i n i t i a t e d , p ropaga ted r a p i d l y t o cause 

f a i l u r e . I n i r r a d i a t e d specimens t h e r e g i o n s a d j a c e n t t o t h e g r a i n 

b o u n d a r i e s were denuded o f t h e damage s t r u c t u r e . D e f o r m a t i o n a l o n g t h e 

b o u n d a r i e s p r o b a b l y occu rs i n a s i m i l a r f a s h i o n i n u n i r r a d i a t e d and 

i r r a d i a t e d spec imens. When t h i s d e f o r m a t i o n o c c u r s , s t r e s s e s a re con -

c e n t r a t e d a t c o n s t r a i n t s such as g r a i n - b o u n d a r y j u n c t i o n s . I n u n i r r a -

d i a t e d spec imens, t hese s t r e s s e s can be reduced by d e f o r m a t i o n w i t h i n 

t h e m a t r i x . For i r r a d i a t e d spec imens, d e f o r m a t i o n i n t h e m a t r i x i s 

impeded by t he d e f e c t s t r u c t u r e , and c racks a re thus n u c l e a t e d i n h i g h -

s t r e s s r e g i o n s . The p r o p a g a t i o n o f these c racks a l o n g g r a i n bounda r i es 

i s l i k e l y t o be enhanced by t h e p resence o f h e l i u m . A t t h e h i g h e s t 

i r r a d i a t i o n t e m p e r a t u r e s t he o b s e r v a t i o n s a re c o n s i s t e n t w i t h t he h e l i u m 

e m b r i t t l e m e n t phenomena. 

The t i t a n i u m - m o d i f i e d t y p e 304 s t a i n l e s s s t e e l i s s i g n i f i c a n t l y 

more d u c t i l e a t t empe ra tu res where h e l i u m e m b r i t t l e m e n t phenomena 

2 7 D . R. H a r r i e s , J. Brit. Nucl. Energy Soc. 5 : 74 ( 1 9 6 6 ) . 
2 8 E . E. Bloom and J . 0 . S t i e g l e r , " E f f e c t o f Fas t Neu t ron I r r a d i a -

t i o n on t he Creep Rupture P r o p e r t i e s o f Type 304 S t a i n l e s s S t e e l a t 
600°C f" pp. 451—467 i n Irradiation Effects on Structural Alloys for 
nuclear Reactor Applicationss Spec. Tech. Publ. 4843 Amer ican S o c i e t y 
f o r T e s t i n g and M a t e r i a l s , P h i l a d e l p h i a , March 1971. 
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p r e d o m i n a t e and a l s o e x h i b i t s improved d u c t i l i t y under i r r a d i a t i o n and 

t e s t c o n d i t i o n s where b o t h d i s p l a c e m e n t damage ( i . e . , v o i d s and d i s l o c a -

t i o n s ) and h e l i u m a f f e c t p r o p e r t i e s . The i n c r e a s e d p o s t i r r a d i a t i o n 

d u c t i l i t y i s a r e s u l t o f t h e decreased tendency f o r g r a i n - b o u n d a r y 

f r a c t u r e . 


