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ABSTRACT 

. . 
During t h e  p a s t  twelve months,' t h e  major e f f o r t  was on i r o n .  The 

I 

I 
I 
j 

recovery o f  t h e  e l e c t r o n  i r r a d i a t i o n '  e f f e c t  was s tud ied  i n  pure i r o n  and 

iron-carbon a l l o y s .  This  i n v e s t i g a t i o n  r e s u l t e d  i n  s e v e r a l  new f i n d i n g s  
. . . 

i n  a d d i t i o n  t o  t h e  conf i rmat ion  o f  two assumptions used i n  t h e  in<erpre- 
. 

t a t i o n  o f  t h e  mechanical e f f e c t s  o f  e l e c t r o n  i r r a d i a t i o n  i n  our  h igh  
. . 

p u r i t y  i r o n  s i n g l e  c r y s t a l s .  The i r r a d i a t i o n  s o f t e n i n g  e f f e c t  was s t u d i e d  

i n . s i n g l e  c r y s t a l s  orieiitecl f o r  t h e  (011-) s l i p  and . p o l y c r y s t a l l i n e  specimens. 

Then, a  s t r i k i n g  o r i e n t a t i o n  . e f f e c t  was 'discovered and a  l a r g e  i r r a d i a t i o n  

s o f t e n i n g  was found i n  s i n g l e  c r y s t a l  specimens o r i e n t e d  f o r  t h e  hard 
. . 

(121) s l i p ;  i n  t h i s  o r i e n t a t i o n ,  more than  60% o f  t h e  y i e l d  s t r e s s  is 

. . 

.reduced by e l e c t r o n  i f r a d  i a t i o n ,  thereby ,  t h e  h a r d e s t  o r i e n t a t i o n  becomes 

t h e  s o f t e s t  o r i e n t a t i o n  fo l lowing  e l e c t r o n  i r r a d i a t i o n .  F i n a l l y ,  t h e  

s o l u t i o n  s o f t e n i n g  and hardening e f f e c t s  o f  carbon atoms w e r e . i n v e s t i g a t e d  

v us ing  h igh  p u r i t y  i r o n  s i n g l e  c r y s t a l s  s imi- lar  t o  t h o s e  used i n  t h e  i r r a -  

' d i a t i o n  s o f t e n i n g  s tudy .  The g e n e r a l  behavior  o f  t h e  s o f t e n i n g  and hardening 
. . 

L 

was i n  good agreement with t h e  theo ry  we proposed, based on t h e  i r r a d i a t i o n  

s o f t e n i n g  experiment.  -- 

. . 



1. I r r a d i a t i o n  Sof ten ing  i n  High P u r i t y  I r o n  

I t  i s  g e n e r a l l y  accepted t h a t  t h e  c r i t i c a 1 , r e s o l v e d  shea r  s t r e s s  

depends on t h e  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  i n  B. C. C.  metals .  ( l )  I n  t h e  

' case  o f  i r o n ,  t h e  lowes t  c r i t i c a l  reso lved  s h e a r  s t r e s s  is  obta ined  i n  

. ' a specimen i n  which t h e  maximum shea r  p l ane  and t h e  maximum shea r  d i r e c t i o n  

c o i n c i d e  with t h e  (011) p lane  and t h e  [lil] d i r e c t i o n .  ( l )  For t h i s  or ien-  

. t a t i o n  t h e  t e n s i l e  a x i s  o f  t h e  specimen is s i t u a t e d  nea r  t h e  c e n t e r  o f  t h e  
. . 

s t anda rd  (001)-(111)-(101) t r i a n g l e  o f  a s t e r e o g r a p h i c p r o j e c t i o n .  We have . . 

been 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  e l e c t r o n  i r r a d i a t i o n  on t h e  s t r e n g t h  o f  

' t h e ' h i g h  p u r i t y  i r o n  i n  a  s i n g l e  c r y s t a l  of t h i s  o r i e n t a t i o n  f o r  a  few 

y e a r s .  The most important  concl.usion is  t h a t  t h e  . i r r a d i a t i o n  reduces t h e  

f low s t r e s s  i f  t h e  specimens a r e  k e p t  below t h e  tempera ture  where t h e  long  

range migra t ion  o f  s e l f - i n t e r s t i t i a l  atoms can occur .  This  obse rva t ion  

has  an  impor tan t  imp l i ca t ion  on t h e  mechanism 'of p l a s t i c  deformation and 

. s t r e n g t h  o f  i r o n  and poss ib ly  o t h e r  B.C.C.  meta ls ,  s i n c e  t h e  i r r a d i a t i o n  

, induced s e l f - i n t e r s t i t i a l s  a r e  known t o  i n t e r a c t  s t r o p g l y  with d i s l o c a t i o n s .  

Some 

t h i s  

o f  t h e  t h e o r e t i c a l  imp l i ca t ions  o f  t h i s  obse rva t ion  were explored i n  

r e sea rch  p r o j e c t .  ( 3 )  The important  experimental  obse rva t ions  have 

been summarized i n  COO-1367-51. 

Recent ly,  a  s i m i l a r  i r r a d i a t i o n  s o f t e n i n g  has  been r epor t ed  i n  a  high 

p u r i t y  po lyc rys t a l - l i ne  i ron .  (4) The s o f t e n i n g  e f f e c t  was observed  fo l lowing  

neut ron  i r r a d i a t i o n  a s  we l l  a s  e l e c t r o n  i r r a d i a t i o n .  The g e n e r a l  n a t u r e  

o f  t h e  i r r a d i a t i o n  s o f t e n i n g  was extremely s i m i l a r  t o  t h a t  observed i n  our  
, 

i r o n  s i n g l e  c r y s t a l s ,  except  f o r  t h e  f a c t  t h a t  t h e  magnftude o f  t h e  sof ten-  

I 
i ng  was about  an o r d e r  o f  magnitude g r e a t e r  i n  t h e  p o l y c r y s t a l l i n e  specimens 

t h a n  i n  t h e  s i n g l e  c r y s t a l  .specimen's. . ~ . . ~ o s s i b i l i t ~ . ' t h a t  t h e  ikon s i n g l e  
. . " .  

c r y s t a l s  a r e  n o t  a s  pure a s  t h e  p o l y c r y s t a l l i n e  i r o n  has  been suggested;  we 



t h e r e f o r e  examined t h e  e l e c t r o n  i r r a d i a t i o n  s o f t e n i n g  e f f e c t  i n  poly- 

c r y s t a l l i n e  specimens prepared from t h e  Bat tel le-AISI u l t r a p u r e  i r o n  

(from which our  s i n g l e  c r y s t a l s  were grown). A t  low temperatures ,  t h e  

annealed p o l y c r y s t a l l i n e  specimens deformed with l a r g e  s e r r a t i o n s  i n d i c a t i n g  

twinning, a s  r epo r t ed  by ~ r o h  e t  a l .  (4) The e l e c t r o n  i r r a d i a t i o n  removed 

t h e  s e r r a t i o n s ,  and a t  t h e  same t ime,  t h e  y i e l d  s t r e s s  decreased s i g n i f i -  

c a n t l y .  The magnitude o f  t h e  s o f t e n i n g  was s i m i l a r  t o  t h a t  r epo r t ed  by 

Groh . (*) Therefore it i s  concluded t h a t  t h e  l a r g e  s o f t e n i n g  i s  a  poly- 

c r y s t a l l i n e . e f f e c t  and is  not  due t o  a  d i f f e r e n c e  i n  p u r i t y .  

A number o f  p o s s i b i l i t i e s  can be suggested t o  a n s w e r , t h e  ques t ion  why 
\ 

t h e  p o l y c r y s t a l l i n e  specimens behave d i f f e r e n t l y  t han  t h e  s i n g l e  c r y s t a l  

specimens. ( 1 )  I t  may be due t o  t h e  i n t r i n s i c  n a t u r e  o f  d i s l o c a t i o n  motion. 

.(.See . ' Sec t ion  3. ) ( 2 )  The pronounced i r r a d i a t i o n  s o f t e n i n g  e f f e c t  

may e x i s t  i n  t h e  g r a i n  boundary reg ions .  ( 3 )  I t  may be r e l a t e d  t o  t h e  

twinning mode o f  deformation which ; is  unavoidable i n  p o l y c r y s t a l l i n e  i r o n  
! 

a t  low temperatur 'es.  The f irst  p o s s i b i l i t y  w i l l  be d iscussed  f u r t h e r  i n  

conjunct ion  with t h e  o r i e n t a t i o n  dependence o f  i r r a d i a t i o n  s o f t e n i n g  i n  

Sec t ion  3 .  The second p o s s i b i l i t y  1 may be r e l a t e d  t o  t h e  g r a i n  boundary 
\ 

b r i t t l e n e s s  found i n  t h e  i r o n  i n  which t h e  carbon con ten t  i n  s o l u t i o n  was 

reduced. (5 )  The t h i r d  p o s s i b i l i ~ y ,  is  suggested I t  i s  

ou r  opin ion  t h a t  f o r  t h e  f irst  and t h i r d  p o s s i b ' i l i t i e s ,  t h e  c r i t i c a l  obser- 

v a t i o n s  w i l l  be made i n  s i n g l e  c r y s t a l  experiments.  The second p o s s i b i l i t y  

may be . c lo se ly  r e l a t e d  t o  t h e  r o l e  o f  g r a i n  boundaries  i n  improving t h e  
# .-----. 

d u c t i l i t y  o f  p o l y c r y s t a l l i n e  i r d n  and i t s  a l l o y s  a t  low tempera tures .  



2. Recovery' o f  t h e  Radia t ion  E f f e c t  i n  High P u r i t y  I ron  and E f f e c t  o f  
. . 

- Carbon Atoms on Recovery 

The motivat ion t o  examine t h e  recovery o f  t h e  e l e c t r o n  i r r a d i a t i o n  
. . 

e f f e c t  was two-.fold i n  t h e  p r e s e n t  i n v e s t i g a t i o n .  We have always assumed 

. t h a t  t h e r e  is no s i g n i f i c a n t  recovery s t a g e  i n  t h e  tempera ture  range (up 
I 

t o  60' K) where t h e  i r r a d i a t i o n  and t h e  mechanical '  t e s t s  a r e  performed. ' 

Thi s  assumption is  based on previous  i n v e ~ t i ~ a t i o n s . ( ~ : ~ )  The p u r i t y  and 

impur i ty  s p e c i e s  o f  ou r  specimens a r e  d i f f e r e n t  from t h e  ones used i n  t h o s e  
- - . - . . - . . .. 8 

. i n v e s t i g a t i o n s  and t h e  s u s c e p t i b i l i t y  o f  r a d i a t i o n  recovery t o  t h e s e  f a c t o r s  

has  always been suspec ted .  A ques t ion  of t h e  p o s s i b l e  scavenging o f  i n t e r -  

* s t i t i a l  i m p u r i t i e s  by i r r a d i a t i o n  induced s e l f - i n t e r s t i t i a l  atoms has o f t e n  - 

been r a i s e d  a g a f n s t  t h e  i n t r i n s i c  s o f t e n i n g  e f f e c t  o f  t h e  s e l f - i n t e r s t i t i a l .  

atoms. Carbon atoms can be regarded a s  r e p r e s e n t a t i v e  i n t e r s t i t i a l  i m p u r i t i e s  

i n  i ron .  There is only.  a  s i n g l e  l i t e r a t u r e  which r e p o r t s  t h e  e f f e c t  o f  carbon 

doping on t h e  recovery o f  t h e  e l e c t r o n  i r r a d i a t i o n  e f f e c t  i n  iron!*) Unfor- 

t u n a t e l y ,  s u f f i c i e n t  c a r e  was n o t  taken  t o  i n s u r e  carbon atoms i n  s o l u t i o n .  

The d e t a i l s  o f  t h e  recovery r e s u l t s  were r epo r t ed  i n  COO-1367-52 and 

COO-1367-54. T h i s -  i n v e s t i g a t i o n  confirmed ou r  e a r l i e r  assumptions; namely, 

t h e r e  is no long range migra t ion  o f  i n t e r s t i t i a l s  ( o r  any o t h e r  p o i n t  d e f e c t s )  

i n  t h e  tempera ture  range used i n  our  mechanicaL s t u d i e s  and t h e  f irst  s i g n i f i -  

c a n t  recovery s t a t e  ( I B )  occurs  a t  - 70'K. There is no appa ren t  i n t e r a c t i o n  

. between s e l f - i n t e r s t i t i a l s  and carbon atoms u n t i l  S tage  IE is  reached ( a t  

- 130' K) . ' The important  r e s u l t s  ' can besummarized a s  fol lows:  

1 )  A new s i g n i f i c a n t  recovery s t a g e  was found ' a t  21° K i n  both pure and 

- carbur ized  i r o n  and was named IAO recovery s t a g e .  

2)  None of t h e  low tempera ture  peaks ( I * ~ ,  IAl, IA2, Ig, IC, and I ~ )  were 



a f f e c t e d  'by t h e  i n t r o d u c t i o n  o f  carbon. This  may be taken a s  evidence 
.'2 

t h a t  t h e  i r r a d i a t i o n  s o f t e n i n g  found' i n  i r o n  is  caused by t h e  d i r e c t  
. . 

i n t e r a c t i o n  between d i s loca ' t i ons  and i r r a d i a t i o n  induced d e f e c t s .  
I 

By t h e  use' o f  a  r e l a t i v e l y  low e l e c t r o n  dose, recovery s t a g e  I ( 1 3 0 ' ~ )  
. E 

was sepa ra t ed  -from t h e  ID peak a t .  1 0 f  K. - 

The I peak was suppressed by t h e  i n t r o d u c t i o n  o f  carbon. 
E 

A s i g n i f i c a n t  recovery,  termed 11;) appeared i n  t h e  carbon-iron a l l o y ,  

s l i g h t l y  below t h e  temperature f o r  t h e  1 1 ~  peak o f  pure  i ron .  
, 

I r r a d i a t e d  iron-carbon a l l o y s  showed a nega t ive  recovery  between'  , 

250' -- 300'K and t h i s  was i n t e r p r e t e d  a s  due t o  t h e  r e l e a s e  o f  s e l f -  

i n t e r s t i t i a l s  ( o r  vacancies )  from c'arbon t r a p s .  

The recovery s t a g e  above 300' K is  always p r e s e n t  i n  t h e  as-quenched 

iron-carbon a l l o y s  with o r  without  i r r a d i a t i o n  and is  caused by t h e  

migra t ion  o f  carbon atoms. 



h .  

3. ~ f f e c t  o f  Tens i l e  O r i e n t a t i o n  on I r r a d i a t i o n  Sof t en ing  ' i 

The o r i e n t a t i o n  dependence o f  y i e l d  s t r e s s ,  work-hardening behavior ,  
I 

/ 1 
mode o f  deformation and s l i p  morphology i n  i r o n  has  been suspec ted  b u t  has  

, 

I ( 

,never  been i n v e s t i g a t e d  s y s t e m a t i c a l l y .  l'he only  sys t ema t i c  work was . . I 

' c a r r i e d  o u t  i n  a n  i r o n - s i l i c o n  a l l o y  by Taoka and h i s  coworkers. ( 2 )  We '. 

have determined t h e  y i e l d  s t r e s s  a s  a  f u n c t i o n  o f  t h e  t e n s i l e  o r i e n t a t i o n  

from t h e  s o f t  ( i 1 2 )  s l i p  o r i e n t a t i o n  t o  t h e  hard (121) s l i p  o r i e n t a t i o n  v i a  I 1 

t h e  i d e a l  (011) s l i p  o r i e n t a t i o n .  A s i g n i f i c a n t  o r i e n t a t i o n  e f f e c t  was . 
r I 

observed (-- 30% change).  However, t h e  most s t r i k i n g  r e s u l t  was t h e  or ien-  t 

t a t i o n  dependence o f  t h e  i r r a d i a t i o n  s o f t e n i n g  e f f e c t .  These r e s u l t s  a r e  . .. 
> 

summarized in Fig. 1. In t h i s  f i g u r e ,  t h e  y i e l d  s t r e s s  r e so lved  t o  t h e  

(011)-[ 1711 s l i p  system is p l o t t e d  a g a i n s t  t h e  o r i e n t a t i o n  parameter  X. 

x is  t h e  ang le  between t h e  maximum shea r  s t r e s s  p lane  and t h e  (011) p lane .  I 
Therefore,  x = -30°, oO,  and 30°, corresponds r e s p e c t i v e l y  t o  t h e  c a s e s  . 

where t h e  maximum shea r  s t r e s s  p lane  co inc ides  with t h e  ( i 1 2 ) ,  (011) and 
i 

(121) p lanes .  For t h e .  specimens o f .  t h e  hard (121) s l i p  o r i e n t a t i o n ,  t h e  1 
I 

i r r a d i a t i o n  s o f t e n i n g  is an  o r d e r  o f  magnitude l a r g e r  t han  t h a t  f o r  t h e  I 
i 

(011)  s l i p  o r i e n t a t i o n .  I n  f a c t ,  t h e  p o s t - i r r a d i a t i o n  y i e l d  s t r e s s  is 

1 o w e s t . a t  t h e  hard ( 1 2 l ) . o r i e n t a t i o n ,  a s  can be seen  i n  Fig. 1. i 
. . . "-. . 

I n  a l l ,  e i g h t  specimen. o r i e n t a t i o n s  were examined, ranging  from ' . 

V 
0 

i 
1 

x = - -30 t o  x = -- 30' . t y p i c a l  s t r e s s - s t r a i n  curves  f o r  t h r e e  represen-  . , ! 

i 
t a t i v e o r i e n t a t i o n s  a r e  shown i n  Fig. 2  where t h e  i n i t i a l  t e n s i l e  d i r e c t i o n s  ! 

' I '  

a r e  i n d i c a t e d  i n  t h e  s t anda rd  s t e r e o g r a p h i c  t r i ' angle .  
i 
I 

i 
Fur the r  i n v e s t i g a t i o n s  a r e  being made t o  determine t h e  dosage dependence,.  

. t e s t  temperature dependenceand work-hardening behaviors;  a t  t h e  'same time;. ,. 
I 

I 

t h e  t h e o r e t i c a l  imp l i ca t ion  o f  t h e  p r e s e n t  f i n d i n g s  is being examined. We . I I 

e 
b e l i e v e  t h a t  t h e  p r e s e n t  obse rva t ion  is one, o f  t h e  key f e a t u r e s  i n  t h e  C -  I 

I 



,, , ' ,.-- . 
I - 7 -  ' \ 

l', ' 

. , 

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

p l a s t i c  deformation o f  B . C . C .  metals .  Some o f  t h e  i n i t i a l  f i n d i n g s  a r e  + ' .. 
. . * 

r epo r t ed  i n  COO-1367-53. 
\ 

. . 
I 

I t  was r epo r t ed  i n  s e c t i o n  I t h a t  t h e  i r r a d i a t i o n  s o f t e n i n g  observed i n  

- p o l y c r y s t a l l i n e  specimens was cons iderably  l a r g e r  t han  t h a t  observed i n  s i n g l e  

c r y s t a l  specimens. These s i n g l e  c r y s t a l  r e s u l t s  were obta ined  from t h e  (011) 

s l i p  specimens. 'On t h e  o t h e r  hand, t h e  i r r a d i a t i o n  s o f t e n i n g  observed i n  

t h e  hard (121) s l i p  specimens i s  l a r g e r  t han  t h a t  o f  t h e  p o l y c r y s t a l l i n e  

specimens'. Therefore  t h e  s i m p l e s t  explana t ion  may be t h a t  some o f  t h e  g r a i n s  

o r i e n t e d  f o r  t h e  hard  (121) s l i p  become s o f t e s t  a f t e r  t h e  i r r a d i a t i o n  and 

- 
consequent ly t h e  y i e l d  s t r e s s  is  determined by t h e s e  g r a i n s .  . 

. . . . . . . . . . . . . . .  . - -  .. . . . . . .  

4. Solu t ion  Sof t en ing  and Hardening E f f e c t s  o f  Carbon Atoms i n  I ron  

' T h e  e f f e c t  o f  i n t e r s t i t i a l  s o l u t e  atoms on t h e  s t r e n g t h  o f  i r o n  was 

examined, u s ing  carbon. High p u r i t y  i r o n  s i n g l e  c r y s t a l s  were prepared i n  

a  manner . s imi la r  t o  t h o s e  used i n  t h e  i r r a d i a t i o n  s tudy .  Carbon atoms'were 

added by ca rbu r i z ing  t h e  s i n g l e  c r y s t a l s  i n  a  H -n-pentane atmosphere a t  2 

va r ious  temperatures. ,  Following t h e  c a r b u r i z a t i o n ,  specimens i n  a  U-shaped 

vycor tube  were quenched i n t o  i ced  water.  Various carbon concen t r a t ions  

up t o  400 atomic ppm were t h u s  obta ined .  

The tempera ture  dependence 'and t h e  concen t r a t ion  dependence o f  t h e  

y i e l d  s t r e s s  a r e  shown i n  Figs.  3  and 4 r e s p e c t i v e l y .  A s  our  theory  pre- 

d i c t e d ,  t h e  maximum s o l u t i o n  s o f t e n i n g  e f f e c t  appeared i n  t h e  in t e rmed ia t e  

tempera ture  range (-- 200' K ) .  A t  t h i s  temperature,  t h e  y i e l d  s t r e s s  decreases ,  

w i th ' ca rbon  concen t r a t ion  and reaches  t h e  minimum around 150 ppm. Beyond 

t h i s  concen t r a t ion ,  t h e  y i e l d  s t r e s s  i nc reases  with concen t r a t ion .  Specimens 

with 400 ppm carbon showed only  t h e  s o l u t i o n  hardening e f f e c t .  

A b r i e f  account  o f  t h i s  i n v e s t i g a t i o n  is  g iven  i n  COO-1367-55 and t h e  

d e t a i l e d  r e s u l t s  a r e . b e i n g  wri tken i n t o  a  paper.  
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