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EZFFECTS OF IRRADIATION on DUCTILITY 

J. 0 .  S t i e g l e r  and J. R. Weir, Jr. 

ABSTRACT 

The e f f e c t  of neutron i r r a d i a t i o n  on t h e  d w t i l i t y  of 
metals i s  of g r e a t  technologica l  i n t e r e s t  because of t h e i r  
u t i l i z a t i o n  i n  nuc lear  power r e a c t o r s .  
reduced d u c t i l i t y  r e s u l t i n g  from i r r a d i a t i o n  i s  d iv ided  i n -  
t o  t w o  p a r t s :  
i n s t a b J l i t y  l i m i t s  elorigation and a high-temperature problem 
i n  which grain-boundary cracks cause f a i l u r e .  F rac tu re  
occurs by t h e  same processes i n  u n i r r a d i a t e d  mater ia l s ,  t h e  
e f f e c t  OS i r r a d i a t i o n  be ing  t o  reduce t h e  s t r a i n  a t  which 
f a i l u r e  occurs.  I n  t h i s  repor-t t h e  genera l  a spec t s  of 
deformation and f r a c t u r e  a t  high and l o w  temperatures a r e  
d iscussed .  An in t roduc t ion  i s  given t o  t h e  concepts 
i-nvolved i n  neutron i r r a d i a t i o n  and t o  changes i n  t h e  l a t t i c e  
introduced by i r r a d i a t i o n .  These a r e  i l l u s t r a t e d  by e l e c t r o n  
micrographs of i r r a d i a t e d  ma te r i a l s .  Changes i n  mechanical 
p r o p e r t i e s  as a r e s u l t  of i r r a d i a t i o n  are described and 
explained 7.n terms of t h e  corresponding mi.crostructura1 
changes . 

The problem of 

a low-temperatme reg ion  i n  which p l a s t l c  

NTRODUCTI OR 

The nuclear  power reactors c u r r e n t l y  under development by the  Atomic 

Energy Commission a r e  p o t e n t i a l l y  more economic i n  t h e i r  e l e c t r i c a l  power 

product ion c o s t s  than  t h e  r e a c t o r s  p r e s e n t l y  being constructed by t h e  

u t i l i t y  companies. These r e a c t o r s  of the future will r equ i r e  h igher  

performance of t h e  m a t e r i a l s  of cons t ruc t ion  than  today's r e a c t o r s .  One 

of t h e  more important; p r o p e r t j e s  of t h e  a l l o y s  being used and those under 

cons idera t ion  i s  t h e i r  a b i l i t y  t o  deform small  amounts while i n  s e rv i ce  a t  

high temperatures t o  accommodate thermal stresses and those  s t r e s s e s  

imposed by t h e  f i s s i o n i n g  f u e l .  



The q u a n t i t a t i v e  measure of t h e  abi l r i ty  of a m e t a l  t o  deform without 

f r a c t u r i n g  may be defined as t h e  d u c t i l i t y  of t he  metal .  

ved i n  t h e  o the r  chapters  i.n t h i s  book, t h e r e  are ilumerous measures of 

d u c t i l i t y ,  def ined i n  var ious  ways, and having as t h e i r  bases a v a r i e t y  

of types of tes ts  and t e s t i n g  condi t ions.  Because of our r a t h e r  poor 

understanding of t he  microscopic aspec ts  of f r a c t u r e  i n  metals, it has 

been necessary t o  develop t e s t s  r ep resen ta t ive  of t h e  deformations and 

stress systems opera t ing  on t h e  material  t o  assess i t s  behavior under t h e  

se rv ice  condi t ions .  The se rv ice  condi t ions may be those encountered 

during f a b r i c a t i o n  of t he  materi-al i n t o  the des i r ed  shape o r  du.ring 

use of t h e  ma te r i a l  i n  a s t r u c t u r e .  

A s  may be obser- 

W e  s h a l l  r e s t r i c t  our d i scuss ion  t o  the  behavri.or of metals used i n  

those p a r t s  of a nuclear  r e a c t o r  sys-tern t h a t  a r e  exposed. t o  the  high 

temperature and t h e  neutrons emanating from the  f i -ss ioning fue l .  This 

chapter  w i l l  a l s o  consider  onl-y those metals  t h a t  are normally considered 

d u c t i l e ;  t h a t  i s ,  not subjec t  t o  br i t t1 .e  f r a c t u r e  (cleavage) i n  t h e  

c l a s s i c a l  sense.  The e f f e c t  of rad.i.ation damage on t h e  b r i . t t l e  f r a c t u r e  

of pressure  ves se l  s t e e l s  has been reviewed r ecen t ly  by o the r s  (1,2). 

No s i n g l e  se t  of symptoms cha rac t e r i zes  radiat ion-induced embr i t t l e -  

ment. Rather,  t h e  behavior i s  a s e n s i t i v e  func t ion  of both t h e  irra- 

d i a t i o n  and deformation temperatures,  as can be seen i n  Table 1. Low- 

temperature i r r a d i a t i o n  followed by low-temFeraturc deformation resul ts  

i n  a l a rge  rincrease i n  y i e l d  s t r e s s  accompanied by a l a r g e  decrease i n  

t r u e  unj-form s t r a i n ,  while no e f f e c t  i s  observed i n  mechanical p rope r t i e s  

at low -Lest  temperatures if the  i r r a d i a t i o n  temperature i s  high. On t h e  

o the r  hand, a high-temperature t e s t  fol lowing e i t h e r  high- o r  low- 
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Table 1. E f f e c t  of I r r a d i a t i o n  on t h e  Mechanical P rope r t i e s  of 

S t a i n l e s s  S t e e l s  as a Function of Deformation and 

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

b 
Deformation Temperature 

rn Me chani c a l  T < L/2 T m T > l / 2  T 

P rope r t i e s  
Low I r r a d i a t i o n  Hlgh I r r a d i a t i o n  Low and High I r r a d i -  

Temperature Temperature a t i o n  Temperatures 

Yield s t r e s s  l a r g e  increase  no e f f e c t  no e f f e c t  

Engineering s m a l l  increase  no e f f e c t  s m a l l  decrease 

u l t ima te  stress 

True t e n s i l e  

stress 

True f r a c t u r e  

s t r e s s  

True uniform 

s t r a i n  

True f r a c t u r e  

s t r a i n  

Work hardening 

c o e f f i c i e n t  

no e f f e c t  no e f f e c t  

no e f f e c t  no e f f e c t  

l a rge  decrease no e f f e c t  

no e f f e c t  no e f f e c t  

l a rge  de crease no e f f e c t  

s m a l l  decrease 

small decrease 

decrease 

l a r g e  decrease 

no e f f e c t  

“w. R.  Martin and J. R. Weir, Jr., E f f e c t  of I r r a d i a t i o n  
Temperature on the  Pos t - I r r ad ia t ion  S t r e s s -S t r a in  Behavior of S t a i n l e s s  
S t e e l ,  Plow and F rac tu re  of Metals and Alloys i n  Nuclear Environments 
Spec. Tech. Pub. No. 380, American Socie ty  f o r  Test ing and b k t e r i a l s ,  
Phi lade lphia ,  Pa. 1965, p. 251. 

- 

bT = absolu te  mel t ing po in t  of’ t he  ~ t l l o y .  m 



temperature i r r a d i a t i o n  shows no s i g n i f i c a n t  s t r eng th  changes but  a l a rge  

decrease i.n -true f r a c t u r e  s t r a i n .  On t h i s  b a s i s  we w i l l  d.ivide the  

problem of i r r a d i a t i o n  embrit t lement i n t o  two p a r t s ,  one assoc ia ted  with 

low i r r a d i a t i o n  and test, temperatures and t h e  o the r  with high t e s t  

temperatures.  W e  w i l l  f i r s t  consider  genera l  aspec ts  of deformation at; 

low and high temperatures and then d iscuss  changes i n  microstructure  

brought about by i r r a d i a t i o n .  We w i l l  then  examine t h e  radi-at ion-  

induced changes i n  mechanical p rope r t i e s  and r e l a t e  them t o  the  

corresponding mic ros t ruc tu ra l  changes. 

COPTSIDE8ATTONS OF PIASTIC DEFORMATION AND FRACTURE 

Tine d u c t i l i t y  i n  tens ion  of materials t h a t  do not f r a c t u r e  by cleav- 

age i s  l imi t ed  by a p l a s t i c  i n s t a b i l i t y  t h a t  resul is  i n  l o c a l  "neckiiig" 

and shear  f r a c t u r e  of t h e  specimen a t  low temperatures o r  by in t e rg ranu la r  

f r a c t u r e  a t  high temperatures.  Let us b r i e f l y  consider each of these  

processes .  

Low-Temperature Charac t e r i s t i c s  - Work Hardening 

P l a s t i c  deformation of metals i n  t ens ion  usua l ly  r e s u l t s  in a p ias t j -c  

i n s t a b i l i t y  o r  local. neckiiig a f te r  some amount of s t r a i n .  This l o c a l  

necking 1 . i m i t s  t h e  e longat ion of the material. It i.s important t o  under- 

s tand  thFj condi t ions under which t h i s  i n s t a b i l i t y  occurs,  s ince  it i s  

related. t o  our d e f i n i t i o n  of d u c t i l i t y .  EkarninaLion of t h e  engineering 

stress ( 0 ) - s t r a i n  ( E )  curve i n  F ig .  1 reveals t h a t  the  p l a s - t i c  i n s t a b i l i t y  

occurs when the  engineer ing s t r e s s  i s  a maxi-mum. At t h i s  po in t  

dU - -  dc  - 0 ,  
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where 

o = t h e  engineer ing s t ress  ( the  load, I,, divided by t h e  i n i t i a l  

c ross -sec t iona l  a r ea  of t h e  specimen, Ao) , 
R - Ro 

a0 
E = the  s t r a i n  ( j ,  

R = l ength  of sample, 

Ro = t he  i n i t i a l  l eng th  of t h e  sample. 

With t h i s  and the d c f i n i t j o n  of IS, 

d L - 0 .  

From t h e  d e f i n i t i o n  of t r u e  stress 0, we may obta in  

where 

A = c ross - sec t iona l  area, and by d i f f e r e n t i a t i n g  

The constant  volume assumption allows us  t o  w r i t e  

Thi s ,  with t h e  d e f i n i t i o n  of s t r a i n  above, m a y  be rearranged Lo y i e l d  

Di f f e ren t i a t ing ,  we ob ta in  

O = A d c  + (I+€) d A .  (7) 



S u b s t i t u t i n g  Eq. (7) appropr i a t e ly  i n t o  Eq. (41 ,  

Since 

where 

- 
E = t r u e  or logar i thmic  s t r a i n ,  

then, a t  t h e  p o i n t  of i n s t a b i l i t y  

- 
d. f 

I f  we assume a power-law r e l a t i o n s h i p  between t r u e  s t r e s s  and s t r a i n ,  the 

work-hardening exponent 

- _ -  
d I n ~ - c  d o  

d In E CI dc 
_ -  I n =  

This w i th  Eq. (10) y i e l d s  a t  t h e  poin-t of i n s t a b i l i t y  

Examination of F ig .  1 shows t h a t  E q s .  (1.0) and (12) a r e  reasonably w e l l  

obeyed for type 304 s t a i n l e s s  s t e e l .  

High-Temperature C h a r a c t e r i s t i c s  - Grain-Boundary Fracture 

A t  high temperatures  the condi-tion of i n s t a b i l i t y  must involve t h e  

s t r a i n - r a t e  dependence of t h e  flow s t r e s s  i n  add i t ion  t o  t h e  r a t e  indepen- 

dent cons idera t ions  d iscussed  above. An exce l l en t  review of t h e  

phenomenological theory  including s t r a i n - r a t e  e f f e c t s  has  been r ecen t ly  
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presented by Hart ( 3 ) .  

because the deformation a t  high temperatures of alloys of importance (as 

concerns i r rad ia t ion  e f fec ts  on duc t i l i t y )  is  generally terminated by 

intergranular f racture .  This type of f racture  i l l u s t r a t i n g  no s ignif icant  

We sha l l  not discuss these principles here 

tendency f o r  necking i s  shown i n  Fig. 2. 

Mechanisms by which grain-boundary cracks are  nucleated and grow a t  

elevated temperatures are not well understood, although several quali ta- 

t i v e  concepts have been developed (4,5,6,7,8). 

cracks depends on the t e s t  temperature and s t r e s s ;  a t  lower temperatures 

and higher s t resses  the cracks have a character is t ic  wedge shape and 

The appearance of the 

L 

Fig. 2. Photomicrograph Showing the  Characterist ics of High-Temperature 
The s t r e s s  was applied i n  the hori-  Fracture i n  Type 304 Stainless Steel.  

zontal direction. Note the high density of intergranular cracks having 
the  character is t ic  wedge appearance located below the fracture  surface. 
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appear t o  emanate from t r i p l e  grain junc t ions ,  g iv ing  t h e  i l l u s i o n  t h a t  

they  are nucleated t h e r e .  

lower stresses rounded c a v i t i e s  appear on t h e  grain-boundary sur faces  

and then  grow and merge t o  form cracks.  

grain-boundary s l i d i n g  blocked a t  tr.i.ple g r a i n  junc t ions  produces a t  the 

junc t ions  t e n s i l e  stress concent ra t ions  t h a t  u l t ima te ly  exceed t h e  

s t r e n g t h  of t h e  s o l i d  and open a s m a l l  crack. The wedge-shaped crack 

may then  grow along the  boundary by continued s l i d i n g ,  d i s l o c a t i o n  

motion wi th in  t h e  g r a i n s ,  o r  s t ress - induced  d i f f u s i o n  of vacancies toward 

the  t i p  of t h e  crack. The voids on t h e  grain-boundaqy sur faces  a r e  

be l ieved  t o  be formed at ledges,  jogs, o r  nonwetting p a r t i c l e s  i n  t h e  

boundary, which a r e  opened by s l i d i n g .  Growth may aga in  occur' by 

mechanical processes o r  vacancy condensation, although sur face  d i f f u s i o n  

must occur s u f f i c l e n t l y  r a p i d l y  t o  a l low the c a v i t i e s  to m a i n t a i n  near ly  

s p h e r i c a l  shapes. A s  t h e  c a v i t i e s  grow and merge, they  form cracks,  but 

sca l loped  edges r evea l  t h e i r  o r i g i n .  

On the  o the r  hand, a t  h igher  temperatures and 

The view h.as been put  f o r t h  t h a t  

STRUCTURAL EFFECTS OF IRRADIATION 

exposure of metals  t o  high-energy neutrons and charged. p a r t i c l e s  

produces d e f e c t s  such as vac?mt l a t t i c e  si tes,  i n t e r s t i t i a l  atoms, and 

transmuted atoms (atoms having a d i f f e r e n t  atomic number than  the  o r i g i n a l ) .  

The charged p a r t i c l e s  normally produced i.n a c c e l e r a t o r s  o r  by decay of 

r ad ioac t ive  i so topes  t r a v e l  only very s h o r t  d i s t ances  i n  metals (a  few 

t e n s  of microns a t  most ) .  Thus, i n  a p r a c t i c a l  sense,  t h e i r  e f fec ts  on 

d u c t i l i t y  are d i f f i c u l t  t o  a s ses s  experimental ly  and are perhaps only of 

s c i - e n t i f i  c interes.L. However, ene rge t i c  neutrons pene t r a t e  l a r g e  d i s t ances  

into metals and can upon c o l l i s i o n  trarzsf'er suf f ic I .en t  energy t o  
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t h e  a t o m  of metals  t o  dis lodge them €ram t h c i r  norrnsl pos i t i ons  in t h e  

l a t t i c e .  When a hiph-energy neutron h i t s  t he  nucleus of an atom it a l s o  

may introduce s u f f i c i e n t  energy into t h e  nucleus t o  transmute i t  t o  an 

atom of another  chemical spec ies  wi th  the  emission of a charged p s r t i c l e .  

We s h a l l  d i scuss  i n  t h e  fol lowing the theory of t hese  events  i n  a qua l i -  

t a t ive  way and thten descr ibe  some observat ions oT t h e  s t ruc t ixa l  damage 

in m e i t l l s  produced by neutron i r r a d i a t i o n .  

Cone ep t s 

Neutrons with energ ies  between about 0 . 1  and 13 Mev aye produced. 

by the  f i s s io t i  process .  

down -to thermal energy ( i . e . ,  approx 0.025 ev). 

t i o n  i s  t o  c a l c u l a t e  t h e  number of neutrons s-triki.ng the  mater ia l  i n  t he  

r eac io r .  Since Lhe neutrons are not monoenergetic, we  a r e  sometimes 

i -nterested i n  t h e  i n t e g r a l  f l u x  o r  the t o t a l  number of  neutrons o f  a l l  

energi-es 

I n  a "thermal" r eac to r  some of these  a r e  slowed 

The first considera-  

00 

@ = @ ( E ) d E  (neutrons emv2 sec - l )  . (13) 
0 

The time-integrated.  f l u x  o r  t o t a l  exposure (sometimes termed f luence) 

i. s 

L 

io 9 (t) d t  (neutrons . 

This i s ,  of coui-se, @t if t h e  f l u x  i s  constant  w i t h  t i m e .  

The next quant i ty  of i n t e r e s t  i s  the  number of i n t e r a c t i o n s  between 

t h e  neutrons and t h e  atoms i n  t h e  metal. This i s  

Nr/No = i @ ( E ) o ( E ) d E  , 
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o r  f o r  a monoenergetic f l u x  of neutrons 

where 

Fi /N = f r a c t i o n a l  number of i n t e r a c t i o n s  per second, 
r o  

o = neutron flux (neutrons ~ r n - ~  sec-”) , 
o = t h e  microscopic cross sec t ion ,  a measure of t he  p r o b a b i l i t y  

p e r  neutron of a n  i n t e r a c t i o n  (cubic cen t ime te r ) .  

C o l l i s i o n s  betweeri neutrons and l a t t i c e  atoms m y  be t r e a t e d  i n  terms 

of e l a s t i c  c o l l i s i o n s  between hard spheres.  I n  t h i s  case t h e  mzximwn 

energy t r a n s f e r r e d  when a p a r t i c l e  of mass m l  and energy El s t r i k e s  a 

p a r t i c l e  of mass m2 a t  rest i s  

Since the neutron has a mass number of 1, t h i s  becomes 

E 4El/m;? , max 

where rn2 i s  now t h e  mass number of t h e  s t r u c k  p a r t i c l e .  

energy t r a n s f e r  i s  ha l f  t h e  m a x i m u m  amount. Now, i f  t h e  energy t r a n s f e r  

t o  the  s t r u c k  atom exceeds :some threshold value ,  usuaB.ly estimated t o  be 

about 25 ev, t he  atom w i l l  be d isp laced  from i t s  lat-Lice s i t e .  

atom, termed a primary knock-on, w i l l .  in teract ,  w i t h  l a t t i c e  atoms i n  i t s  

v i c i n i t y ,  poss ib ly  displ-ace some of them, and gradual ly  come t o  r e s t .  

If t h e  s t r u c k  atom rece ives  a l a r g e  amount, of energy, i t s  more 1.oosely 

bound e l e c t r o n s  will. be s t r ipped  from It leaving  it h ighly  ionized. 

t hese  condi t ions  it w i l l  lose energy pr imar i ly  through el.ectronic i .nter-  

ac t ions ,  but as i t  s l o w s  down it w i l l  make f requent  coll isl ions with l.atti_ce 

atoms, t h e  frequency inc reas ing  as t h e  ene : ra  of the knock-on decreases. 

The average 

Such a n  

Under 



A ca l cu la t ion  of t he  t o t a l  number of d i sp laced  aLoms produced i s  

obviously a complex problem. 

number we will follow t h e  t reatment  of Kinchin and Pease (9) .  

t h a t  the  knock-on loses  energy entire’1.y ’oy i on iza t ion  above some cutoff  

energy a-pproximately equal  t o  t h e  mass number of the s t ruck  atom i n  

k i lo -e l ec t ron  v o l t s .  

To i l l u s t r a t e  the  order  of magnitude of t he  

‘They assume 

The number of add i t iona l  d i sp laced  atoms produced p e r  primary knock-on 

atom i s  approximately 

f o r  2Ed < E < Ei , E N = -  
d 2Ed 

a.nd 
E, 
1 N :----- f o r  E > E i  , 

d 2Ed 

where 

E = t he  energy of ihe  primary knock-on, 

Ed = t he  threshold  displacement energy, approximately 25 ev 

f o r  metals, 

E = the energy of t h e  primary above which only ion iza t ion  and 
i 

n3 displacements a r e  produced, approximabely 56 kev for i ron .  

Now l e t  us compute the  number of displacements produced under some typ ica l  

r eac to r  condi t ions.  Assume EL monoenergetic neutron flux of 

1013 neutrons cm-* sec - l ,  a l l  having an energy of 1 MeV, and a c ross  

s e c t i o n  of 3 x cm2. Allow ilte i r r a d i a t i o n  t o  continue f o r  one year  

(approx 4 X I O 7  sec)  . Under these  condi t ions 

N /N := 1013 x 4 x 107 x 3 x = 1.2 x . r o  

About 0.1% of t h e  atoms become primary knock-on atoms i n  a year .  
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"he maximum energy t ransmi t ted  t o  t h e  primaiy i s  ( f o r  i ron M = 56) 

E =. 4.1/56 = 0.07 Mev . 
max 

This i s  above t h e  i o n i z a t i o n  energy, so t h e  number o f  displacements 

per primary i s  

56 Oo0 Y l o3  displacements . I - 
'r 2 25 

On t h i s  b a s i s ,  each atom has been d isp laced  once on t h e  average during 

t h e  year  o f  i r r a d i a t i o n .  The accuracy o f  a c a l c u l a t i o n  such as t h i s  i s  

c e r t a i n l y  questionable;  however, it serves  t o  i n d i c a t e  t h a t  a l a r g e  

number- of atoms a r e  d isp laced  i n  a metal  under t y p i c a l  r eac to r  condi t ions .  

Thus far the theory  does not consider t he  corlfiguration i n  which t h e  atoms 

f i n d  themselves a f t e r  they  have been d isp laced .  For  t h i s  purpose, dynamic 

computer c a l c u l a t i o n s  have been made tha,t simulate t h e  atoms i n  a 

c r y s t a l  during t h e  neutron bombardment ( l 0 , l l )  . These r e s u l t s  i n d i c a t e  

t h a t  many complicated events  may occur. Figure 3 shows some of the  

p o s s i b i l i t i e s .  

It i s  important t o  real ize  t h a t  t h e  d isp laced  atoms a re  not pro- 

duced homogeneously throughout the ma te r i a l .  For  an i nd iv idua l  c o l l i s i o n  

the defec t s  r e s i d e  i n  a small volume around t h e  t r a c k  o f  t h e  primary 

knock-on, which t y p i c a l l y  extends a rex t e n s  o f  perhaps hundreds of 

angstroms. 'I'his volume i s  terrfled a displacement cascade, but i n  r e a l i t y  

it may be composed of subcascad.es produced by secondary knock-om. Note 

t o o  t h e  d i s t r i b u t i o n  of vacancies and i n t e r s t i t i a l  when t h e  cascade 

i s  not uniform. I n  genera l ,  t h e  i n t e r s t i t i a l s  are d isp laced  outward, 

l eav ing  a vacancy-rich core i n  t h e  cen te r  of t he  cascade. 



Fig .  3. A Two-Dimensional I l l u s t r a t i o n  of t h e  Possible Meutron-Kccleus I n t e r a c t i o n s  I n  
C r y s t a l l i n e  h t e r i a l s .  In the upper l e f t  t h e  neutron t r a n s f e r s  a l a r g e  amowt  of energy to t h e  knock- 
on atom, which t h e n  produces two displacement cascades.  Tfie upper cascade has, i n  t h e  shaded a r ea ,  a 
defocusing sequence and i n  t h e  lover cascade t h e  shaded a r e a  i n d i c a t e s  a focus ing  sequence. The neutron 
represen ted  by -13 undergoes a g lanc ing  c o l l i s i o n  on t r a n s f e r r i n g  a small amount of energy t o  -the knock- 
on atom, and rro cascade i s  p rodmed .  The m u t r o n  r ep re sen t ed  by c i s  a-bsoF-Ded by t h e  nucleus which 
then eni ts  a garnaa r a y  of s u f f i c l e n t  energy t o  d i s p l a c e  t h e  atom. For a d j s cus s ion  o r  t h e  s t r u c t u r e  of 
t h e  damaged region,  s ee  D. I(. Holmes, Current Pro'alems i n  tne T5eory of Radia t ion  Damage, paper 
preser , tzc  a t  AIm Symposium on Radia t ion  E f f ec t s ,  Ashevi l le ,  N. C . ,  Sep te rher  1965, t o  be publ i shed  i n  
proceedings.  
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Thus, i n  t h e  absence of thermal rearrangement of t h e  d isp laced  atoms 

we should expect t o  f i n d  l a r g e  numbers of s i n g l e  p o i n t  d e f e c t s  (vacancies 

and i n t e r s t i t i a l  atoms),  s m a l l  c l u s t e r s  of a few po in t  de fec t s ,  and 

l a r g e r  reg ions  r i c h  i n  vacancies.  

The anneal ing of t hese  complicated arra.ys of d e f e c t s  i s  not very 

we l l  understood. Measurements of t h e  change i n  r e s i s t i v i t y  of metals 

i n d i c a t e  t h a t  t h e  major p o r t i o n  of those d e f e c t s  t h a t  con t r ibu te  t o  

r e s i . s t i v i t y  disappear  r a p i d l y  at temperatures  of 0.35Tm and 0.5Tm f o r  

t h e  body-centered cubic and face-centered  cubic metals,  r e spec t ive ly ,  

where T i s  the  mel t ing  p o i n t  i n  degrees absolu te  (12) .  Annealing of 

some of t h e  types of de fec t s  occurs below room temperature so t h a t  t h e  

f i n a l  d i s t r i b u t i o n  of de fec t s  i s  a s e n s i t i v e  func t ion  of t h e  temperature 

of i r r a d i a t i o n  and p o s t i r r a d i a t i o n  t e s t i n g .  A t  temperatures above the  

f r a c t i o n s  of t h e  melt ing p o i n t s  quoted above, we would expect t h i s  

type of r a d i a t i o n  damage t o  anneal ou t .  

m 

The o t h e r  event we  s h a l l  d i s c u s s  i s  t h e  t r ansmta - t ion  r e a c t i o n  

between a neutron and t h e  nucleus of an atom. Table 2 l i s t s  the  

r e a c t i o n s  and t h e i r  c ros s  sec t ions  f o r  a number of important cases .  We 

see t h a t  helium and hydrogen may be produced i n  metals through neutron 

r e a c t i o n s  both  wi th  impurit j-es i n  t h e  metals and wi th  .the major a l loy ing  

elements.  A l t e r  and Weber (13) have made c a l c u l a t i o n s  of t h e  amounts of 

hydrogen and helium produced i n  var ious  ma te r i a l s  and concluded t h a t  for 

t h e  i r o n -  o r  nickel-base a l l o y s  used as fuel  cladding, approximately 

100 ppm He and a few thousand p a r t s  p e r  m i l l i o n  hydrogen would be produced 

i n  a f a s t  r e a c t o r  i n  a f e w  yea r s ' ope ra t ion .  I n  a d d i t i o n  t o  these  

t ransmuta t ion  r e a c t i o n s  producing gaseous products,  o the r  p o s s i b i l i t i e s  
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Table 2. Transmutation Reactions i n  Metals 

Neutron Energy 

Nucleus Reac-Lion a Associated wi th  

Cross Sect ion 

(barns) 

Cross Sec t ion  

41  F i  s s ion  

10  B 3800 The mal 

( n , d  635 F i s s i o n  

5 6ye (n,@ 0.35 F i s s i o n  

( n , d  0.87 F i s s i o n  

0 .5  F i s s i o n  

b , P )  111. F i s s i o n  

1C.N ( n , d  

5 ' ~ i  ( n , d  

1. barn = lom2': cm2. a 

e x i s t  i n  which solid impur i i ies  are produced. 

s ec t ions  a re  low enough t h a t  appreciable  q u a n t i t i e s  a r e  n o t  Formed, 

important except ion i s  the  197W (n,P) 

dens i ty  r eac to r s  a r e  developed, t h i s  may become an important problem area .  

I n  most cases  c ross  

An 

l g 7 R e  r eac t ion .  A s  higher  power 

O B S ~ V A T I O N S  OF I R W I A T E D  MATERIALS 

Since t h e  i n i t i a l  work of S i lcox  and Hirsch (14) , t ransmission 

e l e c t r o n  microscopy has been used ex tens ive ly  .to cha rac t e r i ze  s t r u c t u r a l  

changes r e s u l t i n g  froin i r r a d i a t i o n .  

not only on the  i r r a d i a t i o n  condi'tions and on the msterial examined, bu t  

a l s o  s t rongly  on i t s  p u r i t y .  Consequently t h e r e  s t l i l l  i s  controversy 

The r e s u l t s  appear t o  depend c r i t i c a l l y  
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over the identity of defect clusters formed by low-temperature irradiations. 

Most of the investigations have been confined to high-purity single-phase 

materials, with little attention paid to complex engineering materials 

or to high-temperature irradiations. 

the essential features of the findings and to show the extent and very 

broad nature of the problem. 

We w i l l  attempt here to summarize 

Black spots of the order of a few tens of angstroms in diameter, 

often called the "Black Death, " appear in transmission electron micro- 

graphs of metals irradiated at low temperatures ( < 0.35T ), as is 

illustrated in Fig. 4. 

of irradiated face-centered cubic metals have at various times shown them 

to be exclusively vacancy clusters and loops (15,16), interstitial clusters 

and loops (17,181, or mixtures composed of small vacancy clusters and 

larger resolvable interstitial loops (19,20) . Differences still have 

m 

Recent quantitative studies by electron microscopy 

Fig. 4. Transmission Electron Micrograph of Type 304 Stainless 
Steel Irradiated at 93°C. 
by the irradiation. 

The black spots are defect clusters produced 



not  been s e t t l e d ,  and we must a t  t h i s  po in t  conclude t h a t  a l l  can probably 

be formed but t h a t  i nd iv idua l  ci.rcumstances determine whi.ch occur f o r  a 

particul.ar s i t u a t i o n .  

Merkle (21,22) rirradiated t h i n  f o i l s  of copper and gold wi th  heavy 

ions i.n order  t o  study damage from indiv idua l  knock-on events .  I n  gold 

he conchded tha-t  each knock-on having energy g r e a t e r  than 27 kev pro- 

duced a de tec t ab le  spot  ( > 20 A i n  diameter) and tha t  t he  s i z e  of 'ihe 

spa t  increased w i t h  increas ing  knock-on energy up t o  a maxri.mwn diameter 

of about 150 A. I n  copper, however, not every knock-on above a cr i t ical . .  

energy r e su l t ed  i n  v i s i b l e  damage. Mei-kle explained t h i s  i n  terms of 

t h e  d i s t r i b u t i o n  of de fec t s  i n  t h e  displacement cascades. The range of 

a 50-liev atom i n  copper i s  about fou r  times t'mt of one i n  gold 

(250 vs 60 A ) ,  so  t h a t  t h e  de fec t s  i n  gold are confined t o  a r e l a t i v e l y  

smal.1 volume, while i n  copper they  are spread out i n  r e l a t i v e l y  widely 

spaced subcascades. Only when two o r  more of t hese  overlapped were 

de t ec t ab le  spots  produced. Most of t he  de fec t s  w e r e  n o t  i n  t h e  form of 

c l u s t e r s  l a r g e  enough t o  resolve i n  t h e  elec.tron microscope. 

Howe -- e t  a l .  (23) performed some experiments i n  which f o i l s  of 

alullii.nurn, copper, and s i l v e r  were i r r a d i a t e d  by heavy ions a t  approximately 

20°K i n  t h e  e l e c t r o n  microscope. Spots i d e n t i f i e d  as vacancy c l u s t e r s  o r  

Frank loops p a r a l l e l  t o  (111) o r  (110) were formed, i nd ica t ing  t h a t  

vacancy-rich zones co l lapse  t o  d i s loca t ion  loops a t  t h i s  temperature.  The 

i n t e r s t i t i a l s  escaped from the  f o i l s ,  were t rapped a t  imperfect ions,  o r  

f rozen  i n  t he  l a t t i c e  ind iv idua l ly  o r  i n  groups t o o  s m a l l  t o  be observed, 

I n  bulk copper i r r a d i a t e d  a t  higher  temperatures,  Makin -- e t  a l .  (19,201 

i d e n t i f i e d  l a r g e ,  we l l  def ined i n t e r s t i t i a l .  loops i n  addi-Lion t o  t h e  



vacancy-induced spo t s .  

observed (15,161, it i s  poss ib l e  t h a t  - the i r  nuclea-tion and growth are 

cont ro l led  by i-mpurit ies.  Makin e t  al. were ab le  -to c o r r e l a t e  t h e  

ra.cJiai;ion-indueed hardening with the  srri0.11 vacancy clusters o r  loops. 

Since such larye I.oo:ps a r e  not  alwa,ys 

I -I 

Koppenaal e t  al. (24,25) showed t h a t  t h e  add i t ion  of c e r t a l n  sub- 
I- 

s-titinti_onal s o l u t e  atoms t o  copper e l iminated t h e  i n t e r s t i t i a l  loops 

but d id  riot infl-uerice t h e  hardening mechanisrfl, i n  agreemen-t w i th  the 

previous conclusion t h a t  t he  vacancy clusters or loops were respons ib le  

for t he  s t rengt ,henirg.  

In t h e  body-centered cubic  c r y s t a l  sy:t:tem the  s i t u a t i o n  i s  qui-be 

d i f f e r e n t .  The f luence  a t  which observable c l u s t e r s  appear and t 'neir 

d i s t r i l m t i o n s  both a r e  s e n s i t i v e  func t ions  of i n t e r s t i t i a l  impurity 

conten t .  

were more widely d i s t r i b u t e d  i n  the  purer  specimens; upon aririealing at 

elevahed temperatures (approx 900 " C )  large,  i n t e r s t i t i a l  l(:jops w e r e  

observed. 

Downey (28) found two components of damage i n  molybdenum specimens 9 . n - a -  

d i a t e d  a t  200°C, dots and i r regular .  d i s l o c a t i o n  l i n e s  bel ieved t o  be 

segments of l a r g e  c l u s t e r s .  Upon anneal ing,  the do t - l i ke  s t r u c t u r e  

evolved into i d e n t i f i a b l e  vacancy loops ,  These r e s u l t s  i n d i c a t e  t h a t  t he  

c l u s t e r s  are niicleiated heterogeneously on impurity atoms and t h a t  -the 

i d e n t i t y  of t h e  c l u s t e r s  depends on the  mobi l i ty  of defec t s  a't t he  

i r r a d i a t i o n  temperature.  

For malybderiu.m (26) i r r a d i a t e d .  a t  less  khan 100 O C ,  t he  c l u s t e r s  

S imi la r  resul-ts were obtained 011 i ron  (27) . Eyre and 

Electron microscopy observat ions must riecesssri.ly be made a t  rela- 

t i v e l y  low doses where de fec t  images do not over lap  o r  i n t e r f e r e  with one 

another .  There i s  evidence (27) t h a t  hardening mechanisms and anneal ing 



20 

behavior are a l t e r e d  a t  high f luences  suggesting t h a t  t he  de fec t  c l u s t e r s  

grow more complex wi th  age o r  increas ing  f luence .  

mental i nves t iga t ions  have been ma.de on r e l a t i v e l y  high-puri ty ,  s ing le -  

phase ma te r i a l s  i r r a d i a t e d  a t  low temperatures where competing and 

Tn addi t ion ,  most funda- 

complicating p r e c i p i t a t i o n  r eac t ions  do noi  occur.  

i n  which d u c t i l i i y  considerat ions are important have received r e l a t i v e l y  

l i t t l e  a t t e n t i o n  from the microscopis ts .  Therefore t h e  fol lowing d i s -  

cussion should be considered as an in t roduct ion  t o  the  more coniplex 

problem of damage i n  s t r u c t u r a l  ma te r i a l s  i r r a d i a t e d  t o  high f luences  a t  

Rngineering ma te r i a l s  

temperatures up t o  800°C. 

Wilsdorf and Kuhlmann-Wilsdorf (30) i n  a study o€ type 304 stainless 

s t e e l  i r r a d i a t e d  a t  r eac to r  ambient temperature t o  f luences Of up -LO 

neutrons/cm2 were unable t o  d e t e c t  any v i s i b l e  defec t  c l u s t e r s  

although the mate r i a l  was hardened and d i s l o c a t i o n  motion modified. They 

suggested tha-t i n v i s i b l e  vacancy-rich regions were respons ib le  f o r  t he  

changes. 

s t r u c t u r e  i n  t he  same material i r r a d i a t e d  a t  43 a.nd 3r+3"C t o  f luences  

of lo2' and 1021 neutrons/crn2, respective7.y. 

Armijo e t  a].. (31) were ab le  t o  d e t e c t  a do-t-l ike damage -- 

The de fec t s  were considerably 

l a r g e r  i n  t h e  specimen i r r a d i a t e d  a t  ihe higher  temperature t o  the  higher  

dose. Bloom ei a l .  (32) co r re l a t ed  t h e  de fec t  s t r u c t u r e s  i n  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  t o  a f luence  of 7 X lo2' neutrons/cm2 with 

-- 

s t r eng th  p rope r t i e s .  A t  i r r a d i a t i o n  temperatures of 300°C and l e s s  t he  

damage coflhisted of black spots  which Bloom e t  al. concluded were probably 

vacancy i n  charac te r  (Fig. i+). The spots  appeared t o  grow s l i g h t l y  i n  s i z e  

and decrease i n  dens i ty  with increas ing  i r r a d l a t i o n  temperature,  although 

t h e  de fec t  dens i ty  w a s  t o o  high t o  s.llow quantita-Live es t imates  of e i t h e r  
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t o  be made. Af' yield stress and the density 

of spots s e h p d  planar 

defects, probably precipi ta tes ,  developed, but; -these were widely enough 

spaced that they did not 

extensive precipitation, Xncluding a bavy 

was observed at  an irmdi (Fig. 6). The dot- 

l i k e  defect cltwstere were 

showed that massive c w b  

(20$ Cr-25$ Mi) irradi 

350 and 750°C. 

ong grain boundaries, 

1 and- Pfeil (38) also 

A t  i r rad ia t ion  temperatures of 650°C and above, the  inert-gas atoms 

formed by nuclear transmutations have been observed t o  precipi ta te  as 

bubbles. 

c lus te rs  on grain boundaries of specimens irradiated a t  650°C. 

Rowcliffe e t  al. (34) observed heterogeneous precipi ta t ion i n  -- 
Homogeneous 

Fig. 5.  bansmission Electron Micrograph of Type 304 Stainless 
S tee l  Irradiated a t  177OC. 
dist r ibuted than those i n  the specimen i r radiated at  93°C (Fig. 4 ) .  

The spots are  la rger  and more wiaely 
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Fig. 6. Transmission El( ron Micrograph Showing Prec ip i ta te  Par t ic les  
Formed i n  Type 304 Stainless  Steel  during I r rad ia t ion  a t  454°C. 
denuded zone adjacent t o  the boundary and the  extensive prec ip i ta t ion  on 
the  boundary . 

Note the 

prec ip i ta t ion  within the  grains occurred i n  these specimens annealed a t  

800°C or i r rad ia ted  at  750°C. Growth of bubbles under stress w a s  detected 

i n  t ens i l e  t e s t s  at 750°C. 

The appearance of bubbles i n  the boundary of a titanium-modified 

type 304 s t a in l e s s  steel i s  illustrated i n  Fig. 7. I n  t h i s  case the 

bubbles i n  the boundary are la rger  than those i n  the adjacent grains,  and 

they have w e l l  defined polyhedral shapes. The black c i rcu lar  area i n  the 

figure i s  a prec ip i ta te  p a r t i c l e  having several s m a l l  bubbles attached t o  

it. I n  Fig. 8 bubbles on the  boundary are smaller than those i n  the 

adjacent grains,  and a zone denuded of bubbles surrounds the boundary. 

These micrographs are  tyy ica l  of areas i n  which helium contents were 

high enough f o r  homogeneous nucleation 09 bubbles t o  occur. I n  areas of 
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Fig. 7. Transmission Electron Micrograph of Titanium-Wified 
Type 304 Stainless S tee l  I r radiated a t  800°C. The light areas a re  
helium gas bubbles resul t ing from the  reaction of thermal neutrons 
w i t h  I%. 
c i r c l e  near t he  center of the micrograph is a precipi ta te  pa r t i c l e  
having several  small bubbles attached t o  it. 

The bubbles c lear ly  have polyhedral shapes. The small black 

Fig. 8. Another Area of the Specimen Shown i n  Fig. 7. Notice the 
zone denuded of bubbles adjacent t o  the diagonal grain boundary. 
chains of bubbles i n  the  upper right-hand corner of t he  figure l i e  
along dislocation l ines .  

The 
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low gas content bubbles are located a t  structural irregularities such as 

along the  t r i p l e  grain junctions approaching a quadruple point,  as i s  shown 

i n  Fig. 9. 

grain-boundary intersect ions are preferred bubble nucleation sites. 

I n  addition, dislocations,  dislocation nodes, and dislocation- 

Fig. 9. Transmission Electron Hi aph SfiaWiug Chains of Bubbles 
Lying Along e i p l e  Grain-Boundary Junc . Notice t h a t  t h e  boundary 
surfaces near t he  junctions are  gene ree of bubbles. 

Although so l id  transmutation products are formed i n  appreciable 

quant i t ies  i n  s t ruc tu ra l  materials after high thermal neutron exposures, 

t h e i r  e f f ec t s  on microstructure and mechanical properties have received 

l i t t l e  a t tent ion.  Wittels -- e t  al. (35) characterized s t ruc tu ra l  changes 

i n  a number of materials i n  which greater  than 105 of the atoms present 

were transmuted. Since the i r rad ia t ions  were carried out at less than 

100°C,  nonequilibrium c rys t a l  s t ructures  were frozen i n .  

o r  physical properties were determined. 

No mechanical 

Moteff -- e t  al. (36)  determined 

creep properties a t  1100°C of tungsten irradiated t o  produce 2.5% R e  
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atoms and 0.25% O s  atoms as transmutation products .  

m i n i m  creep r a t e  decreased with increas ing  exposure, but the creep 

r a t e  w a s  related t o  t h e  thermal f luence (rhenium plus osmium concentration) 

r a t h e r  than  t o  t h e  f a s t  neutron damage. Transmission e l e c t r o n  microscopy 

showed the  presence of a f e w  l a rge  loops, up t o  2000 A i n  diameter, but 

no s t r u c t u r a l  change assoc ia ted  with the  t ransmutat ion products.  

den t ly  s o l i d  so lu t ion  e f f e c t s  r a t h e r  than s t r u c t u r a l  changes modified the  

creep p rope r t i e s ,  al though Impurity atom-point defec t  complexes could have 

been respons ib le .  

They found t h a t  t he  

Evi- 

Neutron f luence  and neutron f l u x  a re  add i t iona l  va r i ab le s  t h a t  may 

inf luence the  nature  of t h e  damage s t r u c t u r e .  The results just described 

apply t o  i r r a d i a t i o n s  i n  thermal r eac to r s  where t h e  f a s t  f lux i s  a few 

t i m e s  1014 neutrons ~ r n - ~  s e c - l ,  o r  l e s s .  

i s  an order of magnitude higher  and comparably higher  doses can be 

achieved, add i t iona l  complications r e s u l t .  A t  i r r a d i a t i o n  temperatures 

of 300°C and l e s s ,  Cawthorne and Fultori (37)  reported black-spot damage, 

although t h e  dens i ty  of de fec t s  was too  high t o  allow ana lys i s  of t h e i r  

na ture .  A t  i r r a d i a t i o n  temperatures between 350 and 560°C, sphe r i ca l  

c a v i t i e s  ranging up t o  500 A i n  diameter were observed, which occupied 

up t o  2% of the  volume of t h e  specimen. 

orders  o f  m-tgnitudc t o o  g rea t  t o  be accounted f o r  by helium bubbles. 

Cawthorne and Ful ton  suggested t h a t  t h e  voids developed e i t h e r  from 

s t r e s s - a s s i s t e d  growth of bubbles o r  vacancy condensation due t o  t h e  high 

vacancy supersa tura t ion  i n  t h e  high fast  f l u x  i r r a d i a t i o n .  

I n  fas t  r eac to r s  where the  f l u x  

The volume of voids was seve ra l  
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I n  add i t ion  t o  t h e  de fec t s  resolved by e l ec t ron  microscopy, 

Ral.ph et, a l .  (38) u.si-ng f i e l d  ion microscopy detected smaller c l u s t e r s  

containing up t o  about 200 vacancies ,  I n  irrj-dim, sphe r i ca l  cl.ustei-s 

and col lapsed loops were observed as w e l l .  as depleted zones in which 

30 t o  40% of the l a t t i c e  s i t e s  were unoccupi.ed. 

divancancies,  and c l u s t e r s  containing less than  about 100 vacancies were 

imaged. 

t h e  i r r a d i a t i o n  condi-tions employed t h e i r  dens i ty  would have been l o w  

enough t o  present  a sa,mpling problem with t h i s  technique. 

po in t  i s  t h a t  i.n add i t ion  t o  containing t h e  l a r g e  c l u s t e r s  and I.oops, t h e  

l a t t i c e  of an i r r a d i a t e d  metal  i s  r idd led  with vacancies,  divacancies ,  

small cl.?lsters and vacancy-rich zones. 

_._I - 

i n  tungsten only vacancies,  

Irl n e i t h e r  case were i n t e r s t i t i a l  loops de tec ted ,  although mtd.er. 

The important 

PLASTIC FIOW AND FFACTUKE IN iXRADUTED MATERIAL7 

D i  s loc  a t  ion-Def cc t i n t e r a c t  ions 

Whi~ch of t h i s  complex spectrum of  defec t  conf igura t ions  governs 

mechan.i.ca.l. p rope r t i e s  changes i s  an una.nswei-ed quest ion.  Measurements 

by Diehl and A s t  (39) of t h e  c r i t i c a l  shear  stress change on anneal ing 

pure n i c k e l  t h a t  had been i r - radiated a t  4.2"K showed a monotonic decrease 

i n  t h e  hardening with increas ing  anneal ing temperature.  Thris ind ica ted  

t h a t  t h e  defec t  conf igura.'iion pr imar i ly  respons ib le  f o r  t h e  hardening resuPGs 

d i - rec t ly  from t h e  knock-on event and not from subsequent thermally acti-va-Led 

el-uster ing o r  rearrangement of the defec t s  produced. 

the y i e l d  stress change i n  s t a i n l e s s  s t e e l  (32) reached a -maximum a t  an 

i r r a d i a t i o n  temperature of 200°C, suggesting t,hat more complex defec t  

configurat ions,  when Uiey form, a r e  more potent  strengtheners 

On the o.Lher hand, 
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The presence of t h e  de fec t  s t r u c t u r e  introduced by i r r a d i a t i o n  

a l t e r s  not only t h e  s t r e n g t h  but a l so  t h e  e x t e r n a l  appearance of deformed 

metals. F i r s t ,  deformation i s  usua l ly  i n i t i a t e d  near one of t h e  g r i p s  i n  

a t e n s i l e  t es t  and then  spreads over t he  specimen as a Luders band; and 

second, t h e  s l i p  s t e p s  wi th in  t h e  deformed region a r e  deep and r e l a t i v e l y  

widely separated by undeforrned a r e a s ,  as cont ras ted  with a uniform 

d i s t r i b u t i o n  of f i n e  s l i p  bands i n  un i r r ad ia t ed  materials. Transmission 

e l e c t r o n  microscopy (40,41,42,43) of such c r y s t a l s  has shown charinels i n  

which t h e  radiat ion-induced de fec t  s t r u c t u r e  has been e l imina ted  

(see Fig.  10). These de fec t - f r ee  channels correspond t o  t h e  deep s l i p  

s t e p s .  The i n t e r p r e t a t i o n  Is t h a t  glide d i s l o c a t i o n s  s’creep out 

o r  i n  some manner des t roy  t h e  radiat ion-induced de fec t  s t r u c t u r e .  The 

channels a r e  gene ra l ly  clean except for deformation-induced t ang le s  and 

d ipo le s .  The r a d i a t l o n  d e f e c t s  are completely e l imina ted  from t h e  

channels (43) and not simply pushed t o  t h e  edge o f  t he  channel, as was 

o r i g i n a l l y  suggested (40) . Sharp (43)  examined annealed specimens con- 

t a i n i n g  channels and found no development of s t r u c t u r e  wi th in  the channels, 

as would be expected i f  they  contained a hi.gh dens i ty  of poi.nt de fec t s  o r  

p o i n t  de fec t  c l u s t e r s  below t h e  r e s o l u t i o n  l i m i t  of t he  microscope. The 

mechanism by which t h e  moving dis loca, t ions des t roy  the radiation-produced 

d e f e c t s  has not been determined. The shears  assoc ia ted  wi.th t h e  channels 

determined by measuring the  s l i p  l i n e  o f f s e t s  correspond. t o  the passage 

of two or t h r e e  disloca-tions on each plane within the  channel, so ample 

opportuni ty  e x i s t s  f o r  dj-s locat ions t o  remove a l l  the  de fec t s  p re sen t .  
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Fig. 10. Transmission Electron mcrograph of Irradiated blybdenum 
Deformed Lightly at  ROO^ Temperature. 
which the defect cluste'rs have been swept out by moving dislocations. 

The white bands are channels in 

The channels gradually fill with tangles and deformation-induced 

debris, which ultimately halt the deformation in the channels. 

observed a higher density of debris existing on a smaller scale in the 

channels than in unirradiated material, but attributed this to the 

higher stress at which the slip band develbped. 

of deformation the slip line pattern of irradiated crystals appears 

similar to that of unirradiated materials. 

Sharp (43 )  

During the latter stages 

Seege'r ( 4 4 )  suggested that the defect clusters harden the lattice 

by providing obstacles which moving dislocations must cut with the com- 

bined aid of the applied stress and thermal fluctuations. 

as a result of this chopping are gradually reduced in strength and 

ultimately destroyed or eliminated by the dislocations leading to the 

channels that are observed. 

The defects 
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Makin and Sharp (45) pointed out t h a t  i n  i r r a d i a t e d  materials 

r e l a t i v e l y  f e w  s l i p  l i n e s  are observed, i n d i c a t i n g  t h a t  few sources a r e  

a c t i v a t e d ,  t h a t  full-grown s l i p  l i n e s  fo-rm dynamically i n  times of t h e  

o rde r  of a mill isecond, and t h a t  p a r t i a l l y  formed slip l i n e s  a re  not 

observed. They proposed on the  b a s i s  of e l imina t ion  of t h e  de fec t s  by 

moving d i s l o c a t i o n s  t h a t  t h e  c r i t i c a l  stress t o  form a s l i p  band i s  t h e  

s t r e s s  t o  opera te  a source i n  t h e  environment of t he  de fec t  s t r u c t u r e .  

Subsequent loops can be formed more e a s i l y ,  s ince  the f i r s t  one, s o  t o  

speak, c l e a r s  a path f o r  them. A p i l eup  then  forms and expands, c r ea t ing  

t h e  c leared  channel very r a p i d l y  a t  the high s t r e s s  l e v e l s  necessary t o  

genera te  the f t r s t  d i s l o c a t i o n .  The r e s u l t  i s  c rea t ion  of a s o f t  zone i n  

a hardened m a t e r i a l  i n  which ex tens ive  loca l i zed  shear occurs i n  a shor t  

L i m e  u n t i l  work hardening h a l t s  t he  deformation. 

D u c t i l i t y  and Mechanical P rope r t i e s  E f f e c t s  a t  Low Temperatures 

A genera l  behavior p a t t e r n  i s  emerging concerning t h e  response of 

t he  mechanical p r o p e r t i e s  of a wide v a r i e t y  of metals and al.loys t o  

neutron i r r a d i a t i o n .  We s h a l l  d i scuss  the general. behavior, give some 

s p e c i f i c  exa,mples, and relate the  changes i n  d u c t i l i t y  to observaLions 

us ing  e l e c t r o n  microscopy. 

A sys temat ic  s tudy  (46) of t h e  e f f e c t s  of i r r a d i a t i o n  and test-ing 

temperatures on t h e  p o s t i r r a d i a t i o n  mechanical. p r o p e r t i e s  of s t a i n l e s s  

s t e e l s  indicai;es q u a l i t a t i v e l y  t h e  behavrior shown i n  Table 1. 

observe d i f f e r e n c e s  i n  t h e  c h a r a c t e r i s t i c s  of t hese  a l l o y s  depending on 

both  the  i r r a d i a t i o n  temperature and t h e  t e s t i n g  temperature. 

We 

Fur the r  



3C 

work has ind ica ted  t h a t  t he  d u c t i l i t y  (e longat ion)  2s a funmion  of irra- 

d ia t io l i  and t e s t i n g  temperature decreases t o  a n i j  n i  ~IIUII, r i ses ,  and then  

decreases again (see F ig .  11). 

ORNL-DWG 67-10787 
. . . . ....... . . . . 

1000 0 200 400 600 800 
DEFORMATION TEMPERATURE ("C) 

Pig. 11- 'he General Behavior of S t a i n l e s s  S t e e l s  afker I r r a d i a t i o n  
a t  Low Tempemtures . 

T'nere i s  other evjdence (46,47,4-8) t h a t  t h e  minimum i n  the  tem- 

pe ra tu re  range of 200°C occurs only a f t e r  t he  material has been exposed 

t o  re1ativel.y l a r g e  neutron flu-ences.  

behaves as  a func t ion  oI" neutron exposure a t  vari.ous temperatures and 

i l l u s - h a t e s  t h a t  t he  minimum i n  d u c t i l i t y  a t  200°C develops only af-ter a 

neutron exposure of approximately 5 x lo2' neutrons/cm2. 

Figure 12 shows how s t a i n l e s s  s t e e l  
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ORNL-DWG 67-10788 

NEUTRON EXPOSURE [neutrons 10' (> 1 MeV) 1 

Fig. 12. Room-Temperature P rope r t i e s  of Annealed S ta in l e s s  S tee l  
a f t e r  Irradia-Lion at Varjous Temperatures. 

Now l e t  us f i r s t  examine t h i s  low-temperature behavior more c lose ly .  

S t r e s s - s t r a i n  curves obtained (32) at room temperature after i r r a d i a t i o n  

a t  var ious temperatures i n  t h i s  low-temperature range a r e  shown in Fig. 13. 

Observe t h a t  f o r  temperatures of 300°C and lower the  y i e l d  s t r e s s  r i s e s  

with i r r a d i a t i o n  temperature and the elongat ion decreases .  

f r a c t u r e  stresses and s t r a i n s  a r e  not a f f ec t ed ,  however. After  irra- 

d i a t i o n  a t  454OC t h e  elongat ion has increased again but  t h e  f r a e t x r e  

stress and s t r a i n  are lower than i n  the  o ther  t es t s  ind ica t ing  a n  e f f e c t  

having d i f f e r e n t  c h a r a c t e r i s t i c s  than i n  the  o ther  t e s t s .  

The t r u e  

The work 

hardening exponents i n  t h e  p l a s t i c  range (see F ig .  14) are cons is ten t  

i n  a l l  cases wjth t he  uniform and t o t a l  e longat ion values, although 

t h e  specimen i r r a d i a t e d  a t  45Lb"C i s  anomalous. 
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Fig, 13. The Engineerlng and True Stress -St ra i .n  Curves f o r  
Type 304 Sta in l -ess  S t e a l  a-i Room Temperature, Tes-Led i n  t h e  Unirradiated 
Condition and a f t e r  Irradiation a t  Various Temperatures. 
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'This behavior can be explained i n  terms of t h e  mic ros t ruc tu ra l  

changes discussed e a r l i e r  and of t h e  i n t e r a c t i o n  between d i s l o c a t i o n s  and 

t h e  r a d i a t i o n  induced de fec t  c l u s t e r s .  Mic ros t ruc tu ra l  observatjons on 

s t a i n l e s s  s t e e l  (30,31,32) show t h a t  a more complex de fec t  conf igura t ion  

develops a t  f luences  above lo2' neutrons/cm* and t h a t  - i ts  s i z e  and spacing 

a r e  c r i t i c a l  func t ions  of t h e  i r r a d i a t i o n  temperature. These, i n  t u r n ,  

determine t h e  s t r e n g t h  and work hardening c h a r a c t e r i s t i c s  of t he  material. 

The observations t h a t  d i s l o c a t i o n s  remove t h e  de fec t  c l u s t e r s  (40,41,42,43) 

and t h a t  i n  irradiated ma te r i a l s  s l i p  i s  confined t o  narrow channels pro- 

vide an explana t ion  for t h e  reduced work-hardenjng c o e f f i c i e n t s  of the 

i r r a d i a t e d  m a t e r i a l s .  The channeling produces a s o f t  zone i n  a very hard 

material i n  which very  ex tens ive  s l i p  occurs and by l i m i t i n g  t h e  number 

of sources or s l i p  systems makes more d i f f i c u l t  i n t e r a c t i o n s  between d i s -  

l oca t jons  and t ang l ing  which normally l ead  t o  work hardening. Figure 15 

i l l u s t r a t e s  t h e  narrow reg ions  t o  which s l i p  i s  confined i n  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  121°C and deformed 10% by rolling a t  room temperature. 

The de fec t  s t r u c t u r e  is  s t i l l  c l e a r l y  v i s i b l e  i n  t h e  region between t h e  

s l i p  bands. 

The anomalous behavior of t h e  specimen i r r a d i a t e d  a t  454°C i s  not 

r e l a t e d  t o  displacement damage but i s  probably due t o  t h e  p r e c i p i t a t e  

p a r t i c l e s  formed during 3 r r a d i a t i o n .  Unlike the defec t  c l u s t e r s  they  

a r e  not removed bvy t h e  d i s l o c a t i o n s  but r a t h e r  provide permanent obs t ac l e s  

and s i t e s  f o r  t ang l ing .  I n  add i t ion  nmerous  sources and s l i p  systems 

a r e  a c t i v e ,  l ead ing  t o  the  tangled conf igura t ion  p i c tu red  i n  F ig .  16. 

Thc3 reduced f r a c t u r e  stress arid s t r n j n  poss ib ly  arise from the  ex tens ive  

grain-boundary p r e c i p i t a t i o n  t h a t  also occurred. 
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Fig. 15. Transmission Electron Ntcrograph of Ty-pe 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  121°C and Deformed 10% by Roll ing a t  Room Temperature. 
t h e  deformation has been confined t o  t h e  dark bands; t h e  radiat ion-induced 
defec t  c l u s t e r s  can s t i l l  be seen between t h e  bands. 

A l l  

Fig. LO. Trar~smlssilon Electron hcrograpn of Type 3wt 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  454,"C and Deformed 10% by Roll ing a t  Room Temperature. 
C.ompare t h e  uniform d i s t r i b u t i o n  of tangled  d i s loca t ions  with t h e  
loca l i zed  s l i p  bands produced i n  specimens i r r a d i a t e d  a t  a lower 
temperature (Fig. 15). 
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Although t h i s  d i scuss ion  i s  l imi ted  t o  the  behavior of s t a i n l e s s  

s t e e l ,  it i l l u s t r a t e s  t he  nature  o€ the  problem and the  complexities 

introduced by micros t ruc tua l  changes introduced by i r r a d i a t i o n .  

D u c t i l i t y  at High Temperatures 

A t  high temperatures of deformation where t h e  materials tend t o  

f m c t u r e  in t e rg ranu la r ly  ( i n  t h e  absence of I r r a d i a t i o n ) ,  a l a r g e  number 

of i ron-  and nickel-base alloys a r e  observed t o  be severely embri t t led 

by neutron i r r a d i a t i o n  (49,50).  

ment takes  the  form of reduced elongat ion and reduct ion of a rea  values .  

The magnitude of t h e  high-temperature embrittlement i s  s e n s i t i v e  t o  t h e  

a l l o y  composition and s t ruc tu re ,  t h e  t e s t  temperature, t h e  s t r a i n  r a t e ,  

and t h e  i r r a d i a t i o n  condi t ions.  Examples of the e f f e c t s  of some of these  

va r i ab le s  a r e  i l l u s t r a t e d  i n  Pigs .  17 and 18. Figure 17 i l lus t ra -Les  t h e  

dependence i n  t h e  form of a p l o t  of f r a c t u r e  e longat ion i n  s t r e s s - rup tu re  

and t e n s i l e  tests a s  a functliori of the  rupture  l i f e  and Fig. 18 shows 

t h e  e f fec- t  o f  gra in  diameter on elongat5on. 

A s  i s  ind ica ted  i n  Table 1, t h e  embr i t t l e  

A t  these  temperatures l a t t i c e  damage would quickly anneal ou t ,  so 

t h a t  we m u s t  look elsewhere f o r  the  source of t h e  problem. I n d i r e c t  

evidence t h a t  bears on the  causes for t h e  high-temperature embrittlement 

has been obtained. For example, Harr ies  and Rober t s  (51) showed t h a t  t he  

embrittlement was predominantly a func t ion  of thermal-neutron exposure a t  

low doses of f a s t  neutrons.  Martin e t  al. (52) r e l a t e d  t h e  embrittlement 

t o  t h e  helium generated by t h e  thermal-neutron 1°B(n,a) r eac t ion  and 

showed t h a t  a t  very low concentrat ions of boron i n  type 304 s t a i n l e s s  

s t e e l ,  t h e  cont r ibu t ion  of helium -from (n,a) reac t ions  between high- 

-- 

- 
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energy neutrons ( f a s t  neutrons) and i r o n ,  n i cke l ,  and o the r  cons t i t uen t s  

i n  t h e  alloy w a s  also important (see Table 2 ) .  F igure  19 shows t h a t  t h e  

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  of type 304 stainless s t e e l  containing 

var ious  amounts of boron and subjec ted  t o  var ious  doses or' i r r a d i a t i o n ,  

i s  a func t ion  of t he  t o t a l  hyliwn c o n k n t  from both t h e  Lhermal ''B(n,a) 

r e a c t i o n  and t h e  high-energy (n,a) r e a c t i o n s .  Higgins and Roberts (53) 

repor ted  t h a t  t h e  d u c t i l t t y  of an a l l o y  at high  temperatures WRS reduced 

through t h e  i n j e c t i o n  of helium by means of cyc lo t ron  bombardment with 

alpha p a r t i c l e s .  
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I d 6  IO-* 

OF H E L I U M  

The Elongation at F'racture of b e  304 S t a i n l e s s  Steel _ -  

Containing Various Amount;s of Boron and Exposed t o  Four Radiat ion Doses, 
Ranging from 1 X t o  5 X 10'' neu:trons/cm2. The e longat ion  i s  shown 
t o  be a func t ion  of t o t a l  concent ra t ion  of helium produced by both high- 
energy and thermal  neutrons.  The specimens were t e s t e d  a t  '700°C a f t e r  
i r r a d i a t i o n  a t  50°C i n  the O a k  Ridge Research Reactor. Boron concentra- 
t i o n s  ( i n  p a r t s  p e r  mi l l i on )  : open t r i a n g l e ,  0.015; open c i r c l e ,  0.11; 
s o l i d  t r i a n g l e ,  0.15; s o l i d  c i r c l e ,  3.9. 
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That helkium, o r  any o-ther atomic spec ies ,  a i  a concentrat ion of 

I.Ov9 (see Fi.g. 19) , could produce a pronounced e f f e c t  on 'c'rie ducti l i . ' iy 

of a metal i s  d i f f i c u l t  t o  i-rrragine. However, t h e  m b l e  gases a r e  

very inso luble  i n  trietals. 

energ ies  required f o r  so lu t ion  of t he  i n e r t  gsses  i n  copper. The least  

energy i s  requi red  when the  gas atom i s  i n  a vacant l a t t i c e  s i t e  of t he  

m?-tc-Ll; f o r  helium, 'ihe value i s  about 1. ev. 

t h e  equi l ibr ium concentrat ion C of gas i n  sol i l t ion i s  

Rinmer and Cottrel-1. (54 )  have es.timated t h e  

C o t t r e l l  (55) ind ica t e s  -tha'i. 

C :: (P/Nk'l?) exp(-F/kT) , 

where 

P --. pressure , 
N the  number of  solvent  atoms p e r  u n i t  volume, 

il' = temperature,  

k =: 130l.tzmann's constant ,  

F = the energy of so lu t ion .  

A t  a temperature of 700°C t h e  concentrat ion of helium i s  l e s s  than  

lo-' a t  a pressure  of I a t m .  

f o r  t h e  iiel.i.um atoms, then  t h e  energy of so lu t ion  i s  approximately 2 .5  ev 

and the  s o l u b i l i t y  i s  less than  a t  a pressure  of 1. a t m .  

TI" t he re  are not enough vacant lattlice s i t e s  

Behavior of Gases, Bubbles, and Grain Boundaries 

Tn understanding t h e  inf luence  of helium on t h e  f r a c t u r e  p r G C e S S ,  two 

(I) the d i s t r i b u t i o n  of t h e  helium and ( 2 )  the po in i s  must he considered: 

response o f  t h e  helium (bubbles) t o  a t e n s i l e  stress.  

t h a t  a t  i r r ad iax ion  o r  t e s t  temperatures above about half t h e  absolu te  n e l t i n g  

E a r l i e r  we showed 
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temperature heliwnbubbles form i n  s t a i n l e s s  s t e e l .  I n  thermal r eac to r s ,  

where the helium i s  generated by the  "B(n,Ck!) r eac t ion ,  t he  d i s t r i b u t i o n  

of helium l a r g e l y  r e f l e c t s  t he  d i s t r i b u t i o n  of t he  boron, s ince  the  

helium r e c o i l  range i s  only about 2 p. Since boron has been f requent ly  

observed t o  inhab i t  t h e  grain-boundary regions,  such areas  may have 

concentrat ions we l l  above mean l e v e l s .  The mechanism of d i f fus ion  of 

helium i s  not e s t ab l i shed ,  but  some f e e l i n g  ex is t s  t h a t  small  bubbles 

( < 25 A i n  diameter) may be the  most r ap id ly  d i f fus ing  species .  

bubbles presumably would migrate randomly u n t i l  they reach t r a p s  or 

c o l l i d e  with o ther  bubbles, coalescing t o  form bubbles too  l a rge  t o  

d i f f u s e  f u r t h e r .  A t  low helium concentrat ions we would suspect t h a t  

c o l l i s i o n s  would be rare and t h a t  bubbles would u l t imate ly  reach g ra in  

boundaries where they would be trapped. They s t i l l  would be f r e e  t o  

move i n  t h e  sur face  of t h e  boundary u n t i l  they c o l l i d e  with o ther  babbles 

o r  reach -the more s t a b l e  trip1.e grain-boundary junc t ions  (Fig.  9 ) .  A-t 

low gas concentrat ions the  l a r g e s t  bubbles probably ex is t  a t  t r i p l e  

junc t ions ,  but  smaller  bubbles a re  l i k e l y  d i s t r i b u t e d  over the  g ra in  

boundary. A-t h igher  concentrat ions l a r g e r  bubbles form i n  t h e  boundary, 

and p r e c i p i t a t i o n  within t h e  g ra ins  may occur. 

s t a i n l e s s  s t e e l  containing approximately 4 a t .  ppm He, Rowcliffe e t  al. (31,) 

observed. on boundaries bubbles ranging from 30 t o  80 A i n  d i m e t e r  

a f t e r  i r r a d i a t i o n  at  650°C. After  i r r a d i a t i o n  a t  750°C coarsening 

occurred such t h a t  observed bubbles ranged between 60 and 180 A i n  

diameter.  'me specimen p ic tured  i n  F ig .  7 contalned about 15 ppm He 

and a f t e r  i r rad ia t i .on  a t  800°C contained grain-boundary bubbles ranging 

up t o  650 A i n  diameter.  

Such 

I n  a 25% Cr-25$ R i - T i  

-- 



Barnes (56) proposed t h a t  s t ress- induced growth and 1 inking of  

t hese  bubbles t o  form cracks w a s  t h e  cause of t h e  high-temperature 

d u c t i l i t y  l o s s .  Consider a bubble on a g ra in  boundary i n  the  absence 

of an Pxternal  s t ress .  Rcmoval of an atom from the  sur face  of %he 

bubbl? increases  t h e  sur face  energy 2y/r R and does work P R i n  expanding 

the gas, where ,Z i s  ihe atomic volume, r the  rad ius  of the bubble, and 

P thP gas pressure  i n  t h e  bubble. Eqixilibrium e x i s t s  when these  terms 

are equal  

0 0 

0 

0 

Tf a siress T i s  appl ied,  add i t iona l  work o R i s  done i n  t r a n s f e r r i n 5  

an atom from the  bubble t o  t h e  g ra in  boundary outs ide  t h e  bubble. The 

m n 

e qui  li b r i  um c o ild i t i o n be come s 

where P < P and r > r . Since ihe product of’ pressure and volume remains 

constan L , 3= Pr3.  Hyam and Sumner (57) showed t h a t  t h e  sire;; 

i n  equi l ibr ium wi th  a bubble of rad ius  r i s  given by 

0 0 

This func t ion  has a maximum a t  u 

t h d n  IS equi l ibr ium cannot he obta j  ned, and unl imited ’mbbl e growth 

occui’s. For a given stress, bubbles having a rad ius  g r e a t e r  ihan 

0 .?b y/u M i l l  become uns tab le  and expand i n d e f i n i t e l y .  

a r e  not genera l ly  knowii wi.th high preci si on, but  values on t h e  order  

of 1.000 ergs/crn2 are comxonly quoted. Based on t h i s  value of y, t h e  

0.76 y/ro.  For s t r e s s e s  g rea t e r  
C 

C 

Surface energ ies  
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bubble rad ius  above which unlimited growth occurs f o r  a given stress i s  

tabula ted  i n  Table 3. Bear i n  mind t h a t  t he  p rec i se  value of sur face  

energy can change these values  perhaps seve ra l fo ld .  The t a b l e  ind ica t e s  

t h a t  t he  d i s t r i b u t i o n  of bubble s i z e s  i s  important,  for only ‘chose bubbles 

on t h e  l a rge  end of t h e  d i s t r i b u t i o n  w i l l  become uns tab le .  I-i; a lso  shows 

t h a t  s t r e s s  concentrat ions o r  s t r e s s  t r a n s i e n t s  can lead t o  e q a n s i o n  of 

bubbles much smaller  than expected by t h e  genera l  l e v e l  of t he  applied 

s t r e s s .  The s t ronger  engineering alloys a re  most l i k e l y  t o  be embr i t t l ed  

by- t h i s  mechanism, s ince  they a re  used i n  re la t - ive ly  h igh-s t ress  

app l i ca t ions  due t o  t h e i r  a b i l i t y  -to r e s i s t  deformation processes .  

Metallographic examination of i r r a d i a t e d  ma te r i a l s  straliried a t  high 

temperatures shows tha-t t he  appearance of the f r a c t u r e  i s  similar t o  t h a t  

i n  un i r r ad ia t ed  ma te r i a l s .  A t  high s t r e s s  l e v e l s  wedge cracks a r e  

Table 3. I n i t i a l  Radius f o r  Unlimited 

Bubble Growth f o r  Various S t ressesa  

Tensile S t r e s s  Ra-dius 

(Psi ) (A)  

1,000 1110 

5,000 220 

10,000 1.10 

20,000 55 

50,000 22 

100,000 11 
~. 

aAssuming y = 1000 ergs/cm2. 



formed, and at  J.ow l e v e l s  c a v i t a t i o n  i s  observed. The e f f e c t  of i r ra-  

d i a t i o n  i.s t o  reduce the  s t r a i n  a t  which rupture  occurs.  I n  the  absence 

of i r r a d i a t i o n ,  cracks and c a v i t i e s  a r e  nucI.eated by p l a s t i c  s t ra i -n ,  but 

i.n i r r a d i a t e d  materia1.s , helium bubbl-es provide s u i t a b l e  nuc le i  without 

any p r e r e q u i s i t e  s t r a i n .  Such bubbles can begin t o  grow in-Lo cracks 

a t  the  onset  of t he  t e s t .  

s ince  a l a r g e r  f r a c t i o n  3f t h e  bubbles i s  capable of being expanded. 

Ilowever, s ince  such bubbles probably grow by collec-Ling vacancies 

a t  very high s t r a i n  rates (stresses),  they cannot expand r ap id ly  

The e f f e c t  i s  g r e a t e r  a t  higher  s t r e s s  levels ,  

' enough t o  inf luence  s i g n i f i c a n t l y  t h e  d u c t i l i t y  o r  rup ture  l i f e .  Con- 

verse ly ,  a.L very low stresses few bubbles w i l l  be la-rge enough t o  be 

expanded. ' ihis accounts for t h e  genera l  behavior shown i n  F ig .  1'7. 

The model of high - temperature radi  a t  ion-enhanced embri t t Ieme n t  by 

helium gas bubbles,  as proposed by k r n e s  (56) ,  i s  formulated i.n terrns of 

rupture  by cav i t a t ion .  

wedge-type cracking i s  a l s o  observed a t  higher  stress l e v e l s .  Inhomogeneous 

bubble d l s t r i b u t i o n s ,  p a r t i c u l a r l y  chains of bubbles along tri~p1.e g r a i n  

junc t ions  (Fig.  9 ) ,  suggest t h a t  wedge cracks should be easi.1.y nucleated 

i n  i r r a d i a t e d  ma te r i a l s .  Such cracks could grow i n  t h e  same manner i n  which 

they grow i n  un i r r ad ia t ed  ma te r i a l s ,  t he  ey fec t  of t h e  bubbles being simp1.y 

t o  nucleate  them with l i -Lt le  p r i o r  s t r a i n ,  o r  t h e i r  rate of propagation 

could be enhanced by the  expansion of s u b c r i t i c a l  s i z e  bubbles by the  

s t r e s s  concentrat ion preceding the  crack. It appears l i k e l y  t h a t  gas 

bubbles enhance both t h e  nuc lea t ion  and the  growth of cracks.  

This i s  observed at low s t r e s s  levels,  bu t  enhanced 

This pict i l re  of elevated-temperature radiat ion-induced embr i t t l e -  

ment i s  consis- tent  w i t h  t h e  experimental  observat ions summarized i n  

Table 1. A t  these  temperatures displacement damage anneals  ou t ,  so  t h a t  
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i r r a d i a t i o n  has l i b t l e  e f f e c t  on s t r e n g t h  p r o p e r t i e s .  However, helium 

generated by neutron r eac t ions  p r e c i p i t a t e s  as bubbles, which enhance 

nuc lea t ion  and perhaps propagat ion of cracks.  The presence of bubbles 

does not a l te r  t h e  mode of rupture ;  bubbles merely nucleate cracks o r  

c a v i t i e s  without  any p r e r e q u i s i t e  s t r a i n  and poss ib ly  increase  t h e i r  r a t e  

of propagation. 

CONCLUDING RENARKS 

A r a d i a t i o n  erivironment simply r ep resen t s  another s e rv i ce  condit,ion 

t o  which engineer ing metals and a l l o y s  may be exposed. S t r u c t u r a l  and 

compositional changes induced by i r r a d i a t i o n  compound and confound 

a l t e r a t i o n s  a r i s i n g  from thermal e f f e c t s .  This r e s u l t s  i n  two d i s t i n c t  

duc-Lili ty problems: f i r s t ,  at  l o w  i r r a d i a t i o n  temperatures displacement 

damage o r  d i s r u p t i o n  of t h e  c r y s t a l  l a t t i c e  i n t e r f e r e s  wi th  t h e  move- 

ment of d i s l o c a t i o n s  and t h e  development of normal deformation pa t t e rns ;  

and, second, a t  h igh  i r r a d i a t i o n  temperatures p r e c i p i t a t i o n  of inert ,  gas 

bubbles l eads  t o  rap id  nuc lea t ion  and propagat ion of grain-boundary 

cracks.  W e  cannot formulate t h e  problem i n  q u a n t i t a t i v e  terms, f o r  the 

radiat ion-induced changes depend s t rong ly  on the i n i t i a l  s t r u c t u r e  and 

composition of t h e  a l l o y .  However, we have t r i ed  t o  i l l u s t r a t e  t h e  

l a t i t u d e  of t he  problem through t h e  behavior of type 304 s - ta in less  s t e e l ,  

a widely used r e a c t o r  al.loy. 

Although we have dwelt on t h e  problem of radiation-enhanced 

embrit t lement,  w e  do not mean t o  imply t h a t  it i s  an in so lub le  problem. 

I n  f a c t ,  a number of proposals (49,581 f o r  overcoming the  high- 
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temperature problem have been made, based on t h e  mechanism of embr i t t l e -  

ment discussed here .  A s  such it i s  a good example of a case i n  which 

ihe so lu t ion  to a problem posed by our technology arises from an 

understanding of t h e  phys ica l  p r i n c i p l e s  underlying t h e  problem. 
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