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IRRADIATION CREEP BY CLIMB-ENABLED GLIDE OF DISLOCATIONS 

RESULTING FROM PREFERRED ABSORPTION OF POINT DEFECTS 

L. K. Mansur 

ABSTRACT 

A mechanism o f  i r r a d i a ' t i o n  creep i s  proposed t h a t  

a r i s e s  from the  cl imb-enabled g l i d e  o f  d i s l o c a t i o n s  due 

t o  s t ress- induced p r e f e r r e d  abso rp t i on  o f  r a d i a t i o n -  
produced p o i n t  de fec t s .  Th is  creep component we term 

p re fe r red  abso rp t i on  g l i d e ,  PAG. PAG-creep operates i n  
a d d i t i o n  t o  t he  p r e v i o u s l y  s tud ied  components o f  creep 
'from c l imb  by s t ress- induced p r e f e r r e d  absorp t ion ,  
PA-creep, and t he  cl imb-enabled g l i d e  due t o  excess 
abso rp t i on  o f  i n t e r s t i t i a l s  on d i s l o c a t i o n s  d u r i n g  
swe l l i ng ,  I -creep.  A f o r m u l a t i o n  o f  t he  va r i ous  c l i m b  
and cl imb-enabled g l i d e  processes i s  presented which 
' includes e a r l i e r  r e s u l t s .  PAG-creep i s  comparable i n  
magnitude t o  PA-creep i n  t he  parameter range o f  a p p l i c a -  
t i o n s .  Whi le the  PA-creep r a t e  and the  I -creep r a t e  a r e  
l i n e a r  i n  s t r ess ,  the  PAG creep r a t e  i s  quad ra t i c  
s t r e s s  and th'us dominates a t  h i g h  s t ress ' .  

INTRODUCTION 

When a specimen i s  sub jec ted  t o  a s t r ess ,  t he  r e s u l t i n g  creep may 
. . 

take p l a c e  by two p h y s i c a l l y  d i s t i n c t  processes. These a r e  t he  atomic 

t r a n s f e r  o f  m a t e r i a l  f rom p lanes more n e a r l y  p a r a l l e l  t o  those more 

n e a r l y  perpend icu la r  t o  the  s t r e s s  d i r e c t i o n  and t he  t r a n s l a t i o n  o f  

p lanes i n c l i n e d  t o  t he  s t r e s s  d i r e c t i o n  by t h e  g l i d e  o f  d i s l o c a t i o n s .  

These processes may be coupled i n  genera l  s i nce  t he  t r a n s f e r  o f  m a t e r i a l  

may be accomplished by d i s l o c a t i o n  c l imb,  caus ing d i s l o c a t i o n s  t o  sample 

d i ' f f e r e n t  m ic roscop ic  reg ions  o f  the  specimen. W i t h i n  some o f  these 

reg ions,  d i s l o c a t i o n  g l i d e  may be poss ib l e .  

I n  t he  absence o f  i r r a d i a t i o n ,  d i s l o c a t i o n  c l i m b  may be accomplished 

by vacancy d i f f u s  i on  which ' r esu l  t s  f rom the  s t r e s s  induced. p r e f e r r e d  

emiss ion (PE) o f  vacancies f rom d i s l o c a t i o n s  whose Burgers vec to r s  a r e  



n e a r l y  p a r a l l e l  t o  t he  s t r e s s  d i r e c t i o n .  Th i s  r e s u l t s  i n  a form o f  

Nabarro-Herr ing c reep . l  Dur ing  i r r a d i a t i o n ,  a n e t  excess o f  i n t e r s t i t i a l s  

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

t i o n  c l imb ,  w h i l e  t he  excess vacancies accumulate a t  c a v i t i e s .  Th i s  

process g i ves  r i s e  t o  macroscopic s w e l l i n g  which has been the  s u b j e c t  

o f  i n t e n s i v e  s tudy  i n  r ecen t  years.2-5 Dur ing i r r a d i a t i o n ,  t h e r e  may 

be, however, an a d d i t i o n a l  component o f  d i s l o c a t i o n  c l i m b  even i n  t he  

absence o f  swel 1 ing.  6% T h i s  c l  imb r e s u l t s  f rom the  s t r ess -  induced 

p r e f e r r e d  a b s o r p t i o n  o f  rad ia t ion-p roduced i n t e r s t i t i a l s  on d i s l o c a t i o n s  

w i t h  Burgers vec to r s  nea r l y .  para1 l e l  t o  t he  s t r e s s  d i  r e c t i o n 9  w i t h  t he  

cor respond ing  excess vacancies absorbed on d i s l o c a t i o n s  w i t h  Burgers 

v e c t o r s  n e a r l y  pe rpend i cu la r  t o  t h e  s t r e s s  d i r e c t i o n .  Th i s  r e s u l t s  i n  

( S  I ) PA-c reep. 

I t  has been shown p r e v i o u s l y  t h a t  t he  d i s l o c a t i o n  c l i m b  r e s u l t i n g  

f rom s w e l l i n g  w i l l  g i v e  r i s e  t o  a c l imb-enabled g l i d e  component o f  

i r r a d i a t i o n  creep termed I-creep.10 The purpose o f  t h e  p resen t  paper 

i s  t o  show t h a t  the  d i s l o c a t i o n  c l i m b  caused by t h e  PA process w i l l  

a l s o  r e s u l t  i n  a c l imb-enabled g l i d e  component o f  creep. Th is  p r e v i o u s l y  

unremarked g l i d e  creep r e s u l t i n g  f rom p r e f e r r e d  absorp t ion ,  PAG-creep, 

i s  shown t o  be o f  comparable magnitude t o  t h e  c l i m b  component i t s e l f ,  

PA-creep. I t  i s  shown t h a t  these two components d i f f e r  i n  t h e i r  depen- 

dences on the s t r e s s  and m i c r o s t r u c t u r a l  parameters. 

~ F . R . N .  Nabarro, Phil. Mag. 16: 231 (1967).  

2 S .  D .  Harkness and Che-Yu L i ,  Met. Pans. 2: 1457 (19711.. 

3 ~ .  Wiedersich, Rad. Eff. 12: 1 1 1  (1972). 

4 ~ .  D. B r a i l s f o r d  and R. Bul lough, J .  NucZ. Muter. 44: 121 (1972). 

5 ~ .  K. Mansur, Nuel. Teechnol. ( i n  p ress ) .  

6 ~ .  T.  Heald e ~ d  W .  V .  Speight ,  P h f l .  Mag. 29: 1075 (1374). 

7 ~ .  Bul lough and J. R.  W i l l i s ,  Phil .  Mag. 31: 855 (1975). 

8 ~ .  G .  Wol fe r  and M. Ashkin, J. A p p l .  Phys. 47: 791 (1976). 

1 n p r i n c i p l e ,  t h e r e  a1 so may be a s t r e s s -  i nduced p r e f e r r e d  absorp- 
t i o n  o f  vacancies on d i s l o c a t i o n s  w i t h  Burgers vec to r  n e a r l y  perpend icu la r  

t o  t he  s t r e s s  d i r e c t i o n .  However, w i t h  the  vacancy parameters u s u a l l y  
employed t h i s  e f f e c t  i s  n e g l i g i b l e .  

~ O J .  H. G i t t u s ,  Phil. Mag. 25: 345 (1972). 



I n  the  nex t  sec t i on ,  the f o r m u l a t i o n  o f .  t he  va r i ous  c l  imb 

and g l i d e  processes o f  creep i s  developed. The r e l a t i v e  magnitudes and 

some l i m i t i n g  cases a r e  explored.  The r e s u l t s  o f  ca lcu la t , ions  i n  

parameter ranges o f  i n t e r e s t  a re  presented. I n  the l a s t  sec t i on ,  the 

i m p l i c a t i o n s  o f  t h i s  work a r e  discussed. 

THEORY 

We v i s u a l i z e  t he  creep a long the  j a x i s  t o  be comprised as f o l l o w s  

J where cC denotes t he  sum o f  the c l  imb components and ;iG the  sum o f  the  

c l i m b - g l i d e  components. ;: i n c l  udes t he  poss i b i 1 i t y  o f  g l  i de components 

* j  n o t  enabled by c l i m b  and i s  n o t  discussed i n  t h i s  paper. E~ con ta ins  

c o n t r i b u t i o n s  due t o  p r e f e r r e d  abso rp t i on  and p r e f e r r e d  emiss ion o f  

p o i n t  de fec t s  . 

i I n  a d d i t i o n ,  these PA and PE processes as w e l l  as the  c l i m b  due t o  

* j  swe l l  i ng produce creep by c l  imb-enabled g l  ide, denoted by ECG. 

Cl imb-Gl ide Creep i n  Terms o f  D i s l o c a t i o n  Cl imb V e l o c i t y  

Ihe creep r a t e  r e s u l t i n g  f rom c l imb-enabled g l i d e  may be ob ta ined  

i n  terms o f  t he  d i s l o c a t i o n  c l  imb v e l o c i t y  by t he  f o l l o w i n g  argument. 

Under a p p l i e d  s t r ess ,  pinned d i s l o c a t i o n s  g l i d e  u n t i l  they reach a  

bowed-out c o n f i g u r a t i o n  where the  l i n e  t ens ion  r e s t o r i n g  f o r c e ' e q u a l s  

the  a p p l i e d  s t r e s s .  'S ince  t he  d i s l o c a t i o n s  a r e  pinned the  creep by 

t h i s  process i s  1 im i t ed  t o  approx imate ly  one e l a s t i c  de f l ec t i on .12 ,13  

I1p .  T. Heald, Proceedings o f  t he  Conference on Ef fec t s  o f  Radiation 
on Breeder Reactor Structural  Materials, Scot tsda le ,  Ar izona,  ed. by 

M. L.  B l e i b e r g  and J .  W. Bennett ,  p. 781, 1977. 

1 2 ~ .  F. Mott ,  Phil.  Mag. 43: 1151 (1952).  

1 3 ~ .  F r i e d e l ,  Phil .  Mag. 44:  444 (1953).  



However, i f  c l imb  i s  p o s s i b l e  the d i s l o c a t i o n s  c l imb past  the i n i t i a l  

p i n n i n g  p o i n t s  w h i l e  t he  i n i t i a l l y  bowed-out segments encounter new 

p i n n i n g  po in t s .  The re leased segments now between the new p inn ing  p o i n t s  

bow o u t  u n t i l  t h e i r  l i n e  tens ion  balances the app l i ed  s t ress .  This  

c y c l e  produces another e l a s t i c  d e f l e c t i o n  and so on. This  i s ,  o f  course, 

i n  a d d i t i o n  t o  any creep due t o  the  c l imb  per se. This  a c t i o n  produces 

a  d i r e c t i o n a l  g l i d e  o f  d i s l o c a t i o n s  and a  macroscopic creep w h i l e  the 

o v e r a l l  c o n f i g u r a t i o n  o f  t he  d i s l o c a t i o n  network i s  maintained. I f  the 

magnitude o f  t he  average d i s l o c a t i o n  c l imb  v e l o c i t y  i s  V and, the  p inn ing  

p o i n t s  a r e  d is tance A apar t ,  then the creep r a t e  i s  

where E denotes the  e l a s t i c  d e f l e c t i o n  o/E, o  i s  the  s t ress ,  and 

E i s  Young's modulus. Where the p inn ing  i s  due t o  the  d i s l o c a t i o n  

network i t s e l f ,  i .e. ,  where the presence o f  o the r  ob jec ts  such as 

p r e c i p i t a t e s  can be ignored, then h must be determined by the d i s l o c a t i o n  

spacing. We take h as one-hal f  the d i s l o c a t i o n  spacing. l l  However, our 

conclus ions are  no t  a f f e c t e d  by the  p r o p o r t i o n a l i t y  constant .  Thus 

where L denotes the  d i s l o c a t i o n  dens i ty .  We now o b t a i n  the creep r a t e  

i n  terms o f  the d i s l o c a t i o n  dens i ty  and c l imb v e l o c i t y  as 

Here V denotes the  magnitude o f  the average c l i m b , v e l o c i t y  o f  a  d i s -  

i o c a t  ion. The pass l b l  1 1 t y  o f  c l  iwb-y 1 ide ci-eep does not de.p~.nA llpnn 

the  s i g n  o f  the v e l o c i t y ,  i .e. ,  upon whether the  d i s l o c a t i o n  i s  c l imb ing  

due t o  a  ne t  i n t e r s t i t i a l  o r  a  ne t  vacancy absorpt ion.  I n  e i t h e r  case 

the  d i s l o c a t i o n  may c l i m b  past  p inn ing  po in t s .  We make use o f  t h i s  

idea l a t e r .  



The Cl imb V e l o c i t y  o f  D i s l o c a t i o n s  under I r r a d i a t i o n  

The c u r r e n t  o f  excess i n t e r s t i t i a l  volume per  u n i t  volume t o  d i s -  

l o c a t i o n s  whose Burgers vec to r s  a r e  a l i g n e d  i n  d i r e c t i o n  j i s  

where Q i s  t h e  atomic volume, ~ f j  and z:' a r e  cap tu re  e f f i c i e n c i e s  o f  

d i s l o c a t i o n s  i n  o r i e n t a t i o n  j f o r  i n t e r s t i t i a l s  and vacancies,  Di and 

Dv a r e  t he  i n t e r s t i t i a l  and vacancy d i f f u s i o n  c o e f f i c i e n t s  where 

0. = D !  
I ,v I ,v 

e x p ( f ~ , ~ / k ~ ) ,  D:,, i s  a  constant ,  E: i s  the  i n t e r s t i t i a l  
I ,v 

o r  vacancy m i g r a t i o n  energy, k  i s  Bol tzmann's cons tan t ,  and T i s  temper- 

a tu re .  C i  and C v  a r e  the bulk-averaged phys i ca l  concen t ra t i ons  o f  

i n t e r s t i  t i a l s  and vacancies and c:' i s  the  vacancy concen t ra t i on  i n  

e q u i l i b r i u m  w i t h  a  d i s 1 o c a t i o n . o f  o r i e n t a t i o n  .j. For a  . t e n s i l e  s t r e s s  

a a l i g n e d  w i t h  t he  1-ax is  we have 

C: = C: exp (aQ/k~)  

and 

f 
= SY exp ( S  /k) exp (</IcT) 

v 

f f 
i s  the  b u l k  thermal e q u i l i b r i u m  vacancy concent ra t ion ,  Sv and Ev a r e  

the  en t ropy  and energy o f  vacancy fo rmat ion .  I n  t h i s  a n a l y s i s  we 

neg lec t  the  thermal e q u i l i b r i u m  i n t e r s t i t i a l  concen t ra t i on  s i n c e  i n t e r -  

s t i t i a l  f o rma t i on  energ ies i n  m a t e r i a l s  o f  i n t e r e s t  a r e  so h i g h  as t o  

make the  thermal popu la t i on  e n t i r e l y  n e g l i g i b l e .  Conservat ion o f  atoms 

requi  res the  c u r r e n t  Ij t o  be r e f l e c t e d  i n  an accumulat ion recorded by 

the  c l i m b  o f  d i s l o c a t i o n s  



where b  i s  an atomic dimension and V' i s  the  c l imb  v e l o c i t y  o f  d is loca-  

t i o n s  i n  o r i e n t a t i o n  j. Using Eq. ( 6 ) ,  Eq. (10) may be r e w r i t t e n  f o r  

purposes o f  i l l u s t r a t i o n  as 

by adding and s u b t r a c t i n g  the v e l o c i t y  component due t o  vo lumet r ic  

swe l l  ing. The l a s t  1 i n e  i n  Eq. (11) i s  the d i s l o c a t i o n  c l imb  v e l o c i t y  

due t o  i s o t r o p i c  s w e l l i n g  and r e s u l t s  i n  a  cl imb-enabled g l i d e  component 

o f  creep, which has been i d e n t i f i e d  p rev ious l y  as I-creep.10 The f i r s t  

two l i n e s  represent the  d i s l o c a t i o n  c l imb  v e l o c i t y  r e s u l t i n g  from 

processes o ther  than swe l l i ng , : i . e . ,  the volume conserving PA and PE 

processes. The c l imb  components o f  v e l o c i t y  expressed i n  t h i s  term i n  

square brackets g i v e  r i s e  t o  cl imb-enabled g l i d e  components o f  creep 

which we labe l  PAG- and PEG-creep. I t  i s  the c l imb-g l i de  creep r e s u l t i n g  

from t h i s  term i n  square brackets t h a t  has no t  been i d e n t i f i e d  p rev ious l y  

and which i s  explored i n  t h i s  paper. 

The Cl imb-Glide Creep Rate 

According t o  Eq. (5) i t  i s  the magnitude o f  the c l  imb v e l o c i t y  o f  

the  average d i s l o c a t i o n  which determines the c l imb-g l i de  creep r a t e .  

For d i s l o c a t i o n s  i s o t r o p i c a l l y  d i s t r i b u t e d  among the th ree  a x i s  d i r e c t i o n s  



t h i s  i s  

From E q .  (11) we o b t a i n  

which i s  va l  i d  i n  general  whether o r  n o t  swel 1 i n g  i s  occur r ing .14  When 

PE and PA processes a r e  occurr i .ng i n  the  absence o f  s w e l l i n g  then con- 

serva t i o n  o f  a toms requ'i res 

l4 1 f we were t o  ignore  p r e f e r r e d  absorp t ion ,  i .e., s e t ,  the  cap tu re  
d 1 

e f f i c i e n c i e s  o f  d i s l o c a t i o n s  i n  d i f f e r e n t  o r i e n t a t i o n s  equal ,  Zi = 

d2 d d2 d 
Z i  = Z i ;  zdl = Zv = Zv,  Eq. (14) would reduce t o  

v 

. where 

4 
C v  i s  g i ven  by Eq. (17) .  

When i n s e r t e d  i n t o  Eq. (5) t h i s  g ives  t he  c l i m b - g l i d e  creep r a t e  due 

t o  s w e l l i n g  ( w i t h  p re fe r red  vacancy emiss ion when < i s  n o n - n e g l i g i b l e ) .  

Th ls  r e s u l t  i s  i d e n t i c a l  t o  t he  c l i m b - g l i d e  creep r a t e  due t o  s w e l l i n g ,  

I -creep,  proposed e a r l  ier.10, l1 Th is  approx imat ion excludes t h e  pos- 

s i b i l i t y  o f  ~ I % T ~ I  red absorpelon enabled g l i d e  which i s  t he  focus i n  

the  p resen t  paper. 



I n  t h i s  case Eq. (14) becomes 

F i n a l l y ,  i n  the absence o f  i r r a d i a t i o n ,  p re fe r red  vacancy e m i s s i 0 n . i ~  

poss ib le  b u t  p r e f e r r e d  i n t e r s t i t i a l  absorp t ion  and swe l l i ng  a r e  absent. 

I n  t h i s  case C i  may be. replaced by zero and C v  becomes 

I n  t h i s  case Eq. (16) reduces t o  

s  i nce 2;' 2 zd2. ' Equation (5)  g ives  the creep r a t e  due t o  c l  imb 
v  

enabled g l i d e  i n  terms o f  the  d i s l o c a t i o n  c l  imb v e l o c i t y  [ ~ q s .  (14),  

( 6 ,  o r  ( 8 )  Equation (14) i s  the c o r r e c t  expression f o r  t h a t  

v e l o c i t y  i n  general.  When there  i s  no swe l l i i i y  o c c u ~ ~ i n g  the c l imb 

v e l o c i t y  reduces t o  Eq. (16) .  I n  the absence o f  r a d i a t i o n  the  d i s -  

l o c a t i o n  c l imb i s  due o n l y  t o  p re fe r red  vacancy emission and the' c l i rnh 

v e l o c i t y  i s  g iven by Eq. (18) .  

The Creep Rate by D is loca t i on  Climb 

I n  t h i s  s e c t i o n  we r e c a l l  the fo rmu la t i on  o f  the d i s l o c a t i o n  c l imb  

mechanism o f  i r r a d  i a t  i on  creep, PA-creep, u t  i l ized by ~ e a  ld .  l G  The 

deformat ion due t o  p r e c i p i t a t i o n  o f  a  ne t  excess o f  i n t e r s t i t i a l s  a t  

d i s l o c a t i o n s  and corresponding vacancies a t  c a v l t i u s  i s  t r a A i t i o n a l l y  

accounted as s w e l l i n g  r a t h e r  than vo lumet r ic  creep. Thus, t o  f i n d  the 

creep r a t e  i n  any d i r e c t i o n  we sub t rac t  from the t o t a l  extension r a t e  

i n  t h a t  d i r e c t i o n  the component o f  extension r a t e  due t o  swe l l i ng .  

1 5 ~ .  K. Mansur and M. H. Yoo, J. Nuel. Mate,. ( i n  press) .  

16p.  T. Heald, Proceedings o f  the  Conference on Effects of Radiation 
on Breeder Reactor Structural Materials, Scot tsdale,  Arizona, ed. by 
M. L. Ble ibe rg  and J. W. Bennett, p. 781, 1977. 



( dj d j t j  = Q zi D.C. - z D c + zdjD cdj) 3 
C 1 1  v v v  v V V  

-5" f [z%.c - Z% c. + Z d m D - c d m ] ~ ~  . 
3 ~ 1  I i i  v v v  v v v  

I f  we now u t i  1  i z e  t he  express ions ( 7 ) ,  (8), and (1,2) f o r  equi  1 i br ium 

vacancy concent ra t  ions and d i s l o c a t i o n  dens i t y ,  Eq. (1  9) becomes f o r  

t he  s t r e s s  d i r e c t i o n  j = 1, 

. . 

d  1 
where A Z ~  = Z .  - Z i  d2 ,v. The f i r s t  square b recke t  g i ves  r i s e  t o  the 

I ,v I ,v 
d i s l o c a t i o n  c l imb  creep r a t e  r e s u l t i ' n g  f rom p r e f e r r e d  absorp t ion ,  PA- 

creep, w h i l e  the  second square b racke t  g ives  r i s e  t o  t he  d i s l o c a t i o n  

c l imb  creep r a t e  r e s u l t i n g  f rom p r e f e r r e d . e m i s s i o n  o f  vacancies,  PE- 

creep . 

R e l a t i v e  C h a r a c t e r i s t i c s  o f  C l  i m b - ~ l  i d e  and C l  imb Components 

I n  t h l s  s e c t i o n  we e x p l o r e  the  c h a r a c t e r i s t i c s  o f  the  newly proposed 

c l i m b - g l i d e  creep mechanism i n  r e l a t i o n  t o  t h e  d i s l o c a t i o n  c l i m b  mechanisms. 

We c o n s i d e r  t he  case where t h e r e  i s  no swel l ing:  I n  t h i s  case Eq. (5) 

toge ther  w i t h  Eq. (16) g ives  t h e  c l i m b - g l i d e  creep r a t e  due t o  PA and 

PE processes. I n  t h i s  case a l so ,  Eq.  (15) appl  i e s  and may be r e w r i t t e n  
3 

as 

where 



I n  view o f  expressions (17) and (22), E q .  (21) may be r e w r i t t e n  

d l  2 
(zi - 3 AZ!) 

Zdl = 2 d 
v D.C. + - AZ 

1 1  3 v ' 

We s u b s t i t u t e  E q .  (23) i n t o  E q .  (16) t o  o b t a i n  

We have a l ready mentioned, however, t h a t  when we use the usual vacancy 

parameters t h a t  

d 
AZ S O ,  

v 
(25) 

meaning t h a t  there  i s  no s t ress  induced p re fe r red  absorpt ion o f  vacancies 

a t  d i s l o c a t i o n s .  I f f o r  the moment we a l s o  ignore thermal emission 
d 1 

o f  vacancies (we t r e a t  the  thermal creep r a t e  separate1 y l a t e r ) ,  C V  * C v  , 
4 

v 
3 Cv, we o b t a i n  from Eqs. (24) and (5) the  PAG-creep r a t e  due t o  

s t ress  induced p re fe r red  absorpt ion bf i n t e r s t i t i a l s  

The f i r s t  term i n  square brackets i n  E q .  (20) gives the PA ( c l  imb) creep 

r a t e  due t o  s t ress  induced p re fe r red  absorpelan of  I n t e r s t l t i a l s  

Thus the  r a t i o  o f  the c l imb  g l i d e  creep r a t e  t o  the c l imb creep r a t e  

caused by s t ress  induced p re fe r red  absorpt ion o f  i n t e r s t l t l a l s  i s  



I n  t y p i c a l  cases E i s  i n  the  range t o  L i s  i n  the  range 

1 x 1 0 l 0  t o  5 x 1011 cmm2, and b i s  %2 x cm: Thus t h e  r a t i o  o f  

Eq. (28) i s  i n  the  range 0.02 t o  2. Therefore,  we have shown t h a t  the  

creep r a t e  produced by PAG i s  comparable t o  t h a t  produced by PA which 

has been s t u d i e d  p rev ious l y .  

For completeness we a l s o  no te  t h a t  t he  creep r a t e  produced by PEG 

has the  same r a t i o  t o  t h a t  produced by PE as g i ven  i n  Eq. (28) .  Th is  

i s  shown by t he  same procedure as.above: Obta in  the  PEG creep r a t e  

from Eqs. (18) and (5)  and o b t a i n  the  PE creep r a t e  as the  second term 

i n  Eq. (20) .  Taking the  r a t i o  g i v e s  

Magnitudes 

Equat ion (28) shows t h a t  t he  PAG- and.PA-creep r a t e s  have d i f f e r e n t  

dependences on t he  s t r e s s  ( r e c a l l i n g  t h a t  E = U/E) and d i s l o c a t i o n  

dens i t y .  From Eq. . (20) t he  PA-creep r a t e  may be expressed as 

d d d 
where Azi = AZi/e and does no t  depend on s t r e s s .  Expressions f o r  Azi 

have been g i ven  p r e v i o u s l y .  16, The express ion  g i ven  by Heald i s  

17w. G .  Wolfer ,  L. K. Mansur, and J .  Sprague, Proceedings o f  the  
Conference on Effects of ~ a d i a t i o n  on Breeder Reactor Structural 
Materials, Scot tsda le ,  Ar izona,  ed. by M. L. B l e i b e r g  and J .  W .  Bennett ,  

p. 841, 1977. 
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The express ion  g i v e n  by Wol fer  e t  a l .  i s  

2 " [b/rd] (1 + v) d 
A z .  = -  
1 ( 5  - 4v) E a! A V ~  

540 [2n(Rd/rd) l 2  [(I  - V) kTI2 
(32) 

where v i s  Po isson 's  r a t i o ,  Rd = [nl] 2, rd i s  t he  d i s l o c a t i o n  co re  

rad ius ,  E i s  Young's modulus, v i s  shear modulus, A V i  t he  i n t e r s t i t i a l  

r e l a x a t i o n  volume, and a: i s  the shear p o l a r i z a b i l  i t y  o f  t he  i n t e r s t i t i a l .  

Here a. = 15(1 + v) Api/[15(1 - v ) e  + 2 ( 4  - Sv) Av i I ,  where Aui i s  t he  
I 

d i f f e r e n c e  i n  shear modulus o f  t he  m a t r i x  and t he  e f f e c t i v e  modulus o f  

t h e  i n t e r s t i t i a l .  Equat ions (31) and (32) g i v e  s i m i l a r  numer ica l  

va lues  fdr AZ; i n  t he  s t r e s s  and temperature range o f  i n t e r e s t . 1 8  

The corresponding express i on  f o r  i s  ob ta ined  f rom Eq,. (26) 
P AG 

We see f r om Eqs. (30) and (33) t h a t  t h e  creep r a t e  due t o  PAG i s  

p r o p o r t i o n a l  t o  t he  square o f  the  a p p l i e d  s t r e s s  w h i l e  t h a t  due t o  PA 

i s  l i n e a r  i n  t h e  s t r e s s .  A t  h i g h  s t resses ,  PAG-creep thus dominates. 
C i  

i n  these equat ions  a l s o  depends upon t he  s i n k  s t r e n g t h  i n  t h e  specimen, 

one component o f  which i s  t h e  d i s l o c a t i o n  dens i t y .  C i  can be determined 

f rom chemical  r a t e  theory .  

where Gv and G i  a r e  gene ra t i on  r a t e s  f o r  vacancies and i n t e r s t i t i a l s ,  

Kv and Ki a r e  l o s s  r a t e s  pe r  vacancy and i n t e r s t i t i a l  t o  a l l  d i s t r i b u t e d  

s i nks ,  and R i s  the  c o e f f i c i e n t  o f  recombinat ion.  These parameters a r e  

d e f i n e d  i n  d e t a i l  by M a n ~ u r . ~  ' 

1 8 ~ .  K. Mansur and W. G.  Wolfer ,  t o  be pub1 ished.  



F igu re  1 shows the  creep r a t e s  due t o  PA and PAG. Table 1 g i ves  

the  parameters used i n  t h i s  c a l c u l a t i o n .  For these parameter va lues 

PAG becomes dominant 'at a s t r e s s  o f  one t o  severa 1 t imes 1 o9 dynes/cm2 

which i s  w i t h i n  the  range o f  eng ineer ing  a p p l i c a t i o n .  Equat ions (30) 

and. (33) a l s o  show t h a t  t h e  PA and PAG creep r a t e s  have d i f f e r e n t  

dependences on t he  d i s l o c a t i o n  d e n s i t y .  The p r e d i c t e d  t r a n s i t i o n  from 

1 i near (PA dominated) t o  parabol  i c (PAG dominated) s t r e s s  dependence 

takes p l a c e  a t  lower s t r e s s  f o r  lower d i s l o c a t i o n  d e n s i t y .  

ORNL-DWG 78-9402 
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Fig .  1 .  Creep Rates froni  PA- and PAG-Mechanisms as a Func t ion  o f  
St ress.  



Table 1. Parmeter  Values Used i n  Obtaining 

Results Shown i n  Figure 1 

Parameter Value 

Shear modulus, dyne/cm2 7.75 x lo1'  

Foisssn' a r a t i o  0.312 

A v v  , dy"e/an2 0 

A ,  dyne/an2 -7.75 x 1011 

Burgers vector, an 2 .1  x 10-8 

AV,, an3 -5.06 x 

10-6 

0.014 exp (-1.38 eV/kT) 

0.008 exp (-0.15 eV/kT) 

1.5 

1.4 



D I S C U S S I O N  

I n  t h i s  paper, t h ree  mechanisms o f  i . r r a d i a t i o n  creep have been 

t r e a t e d  i n  an i n teg ra ted  fash ion .  Two mechanisms o f  thermal creep a l s o  

a r e  incorpora ted .  Th is  has b,een done. i n  .order t o  draw the.  c o r r e c t  

pe rspec t i ve  f o r  the newly proposed.mechanism o f  PAG-creep. I - c r e e p ,  . 

a r i s e s  from the c1,imb-enabled g l i d e  o f  d i s l o c a t i o n s  due t o  the n e t  
. . 

i n t e r s t i t i a l  f l u x  t o  d i s l o c a t i o n s  assoc ia ted  w i t h  s w e l l i n g  d u r i n g  . 

i r r a d i a t i o n .  PA-creep ( o r  SIPA-creep) a r i s e s  f rom the  d i s l o c a t i o n  

c l i m b  d u r i n g  i r r a d i a t i o n  due t o  p r e f e r r e d  abso rp t i on  o f  i n t e r s t i t i a l s  on 

d i s l o c a t i o n s  whose Burgers vec to rs  a r e  a l i g n e d  w i t h  the s t r e s s  a x i s .  

The newly proposed PAG-creep a r i s e s  f rom the  cl imb-enabled g l i d e  o f  

d i s l o c a t i o n s  d u r i n g  i r r a d i a t i o n  due t o  the  p r e f e r r e d  abso rp t i on  o f  

i n t e r s t i t i a l s  on d i s l o c a t i o n s  whose Burgers vec to r s  a re  a l i g n e d  w i t h  

the  s t r e s s  axes. PE-creep (a form o f  Herr ing-Nabarro creep)  a r i s e s  

from d i s l o c a t i o n  c l i m b  due t o  the  s t ress - induced  p r e f e r r e d  thermal 

emiss ion o f  vacancies from a l i g n e d  d i s l o c a t i o n s .  There i s  a l s o  a  

corresponding PEG-creep which a r i s e s  f rom the  cl imb-enabled g l i d e  o f  

d i s l o c a t i o n s  due t o  the s t ress- induced p r e f e r r e d  thermal emiss ion o f  

vacancies from a l i g n e d  d i s l o c a t i o n s .  

PAG-creep has been formulated, i t s  c h a r a c t e r i s t i c s  examined and. 

compared t o  PA-creep. Both mechanisms opera te  d u r i n g  i r r a d i a t i o n  

whether o r  n o t  s w e l l i n g  i s  o c c u r r i n g  concu r ren t l y .  Whi le the  PA-creep 

r a t e  (and the  I -c reep  r a t e )  i s  1 i near  i n  s t r ess ,  the  PAG-creep r a t e  

i s  quad ra t i c  i n  s t r e s s .  Thus a t  h i g h  s t resses  PAG-creep w i l l  dominate 

and t hc  creep r a t e  s l ~ u u l d  approach a  quad ra t i c  s t r e s s  dependence. 

For t y p i c a l  parameter values i t  i s  p r e d i c t e d  t h a t  t he  t r a n s i t i o n  f rom 

l i n e a r  t o  quad ra t i c  s t r e s s  dependence o f  the creep r a t e  w i l l  beg in  

below a  few times l o 9  dynes/cm2. Whi le  i t  i s  t r u e  t h a t  t he  d i s l o c a t i o n  

d e n s i t y  a l s o  g e n e r a l l y  increases w i t h  s t r e s s  i n  u n i r r a d i a t e d  m a t e r i a l s ,  

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

and consequent ly i nsens iL i ve  t o  s t r e s s .  Thus i t  i s  p r e d i c t e d  t h a t  the  

second power s t r e s s  dependence w i l l  be observed. The second power 

o f  the  s t r e s s  a r i s e s  phys i ca l  l y  beceuse t l ~ e  PA c l  lmb v e l o c i t y  i s  p ro -  

p o r t i o n a l  to s t r e s s  and the creep produced by bowing-out o f  d i s l o c a t i o n s  



i s  a l s o  p r o p o r t i o n a l  t o  s t ress .  PAG-creep combines these two processes 

m u l t i p l i c a t i v e l y  and thus leads t o  a second power s t ress  dependence. 

The PA- and PAG-creep processes a l s o  e x h i b i t  d i f f e r e n t  dependences 

on the  t o t a l  s i n k  s t reng th .  Example c a l c u l a t i o n s  performed f o r  cases 

where d i s l o c a t i o n s  comprise most o f  the  s ink  s t rength  show tha t  the 

PAG-creep r a t e  i s  reduced less  than the PA-creep r a t e  f o r  a  reduc t ion  

o f  d i s l o c a t i o n  d e n s i t y  from 1011 t o  1 0 l 0  Thus the pred ic ted  

t r a n s i t i o n  from l i n e a r  t o  quadra t i c  s t ress  dependence occurs a t  a  

lower s t ress  f o r  a  lower d i s l o c a t i o n  dens i ty .  

The PAG creep mechdnlsm o f f e r s  a poss ib le  exp1anaLiu1.1 f o r  the 

grea te r  than Ilnear srress dependence o f  croop r a t e  whirh has recenr lv  

been noted (Scot tsda le  Conference, 1977). Cont ro l led  experiments t o  

b e t t e r  e s t a b l i s h  the dependence o f  t h i s  behavior on expcrimeneal 

c o n d i t i o n s  and p r o p e r t i e s  o f  the ma te r ia l  would enable a  more d e f h i t i v e  

comparison. 



ORNL/TM-6443 
D i  s t .  Category UC-25 

INTERNAL DISTRIBUTION 

Cent ra l  Research L i b r a r y  4 0 4 9 .  L. K. Mansur 

Document Reference Sec t ion  50. P. J .  Maziasz 
Labora to ry  Records Department 51. C .  J .  McHargue 
Laboratory  Records, ORNL-RC 52. J . Narayan 

ORNL Patent  O f f i c e  53. T. S.  Noggle 
J .  Bent ley 54. . 0. S. Oen 
E .  E .  Bloom 55. S .  M. Ohr 
D. 'N. Brask i  56. N.  H. Packan 

W. H. B u t l e r  57. T. C .  Re i l ey  
R.  W.  Carpenter 58. M. T. Robinson 
J. C .  Cathcar t  59. A. F. R o w c l i f f e  
R. E .  Claus ing  60. P. S .  Sklad 
W. A. Coghlan 61. J .  0 .  S t i e g l e r  
J .  E. Cunningham 62. R.  W. Swindeman 
W. P. Ea the r l y  63. P .  F. T o r t o r e l l i  
L. C .  Emerson 64. D. B.  Trauger . 
K. F a r r e l  1 . 6 5 .  T. Weerasooriya 

J .  S .  Faulkner  66. J .  R.  Weir, J r .  
G. Gessel 67. C .  L. White 
M. L .  Grossbeck . 68. F. W. Wi f fen  
R. W.  Hendricks 69. M. K. Wi lk inson  
M. R .  H i l l  70. M. H. Yoo 
J .  A. Horak 71. F. W. Young, J r .  
E. A. Kenik 72. A. Zucker 
C .  C .  Koch 73. R.  W.  B a l l u f f i  ( consu l t an t )  
E.  Lee 74. P .  M. B r i s t e r  ( consu l t an t )  
J .  M. Lei  tnaker  75. W. R.  H i  bbard (consul  t a n t )  

M. B. Lewis 76.. R,. J .  J a f f e  ( consu l t an t )  

C .  T. L i u  77. John Mo te f f  ( consu l t an t )  
K. C .  L i u  78. N. E.  ~ r o m i s e l  ( c o n s u l t a n t )  

EXTERNAL DISTRIBUTION 

79. A. Argon, Department o f  ~ e c h a n  i c a l  Engineer ing,  Massachusetts 
I n s t i t u t e  o f  Technology, Cambridge, MA 02139 

80. R. J .  Arsenau l t ,  Engineer ing M a t e r i a l s  Group, U n i v e r s i t y  o f  
Maryland, Co l lege  Park, MD 20742 

1 M. Baron, Westinghouse Advanced Reactor D i v i s i o n ,  P. 0. Box 158, 
Madison, PA 15663 

82. J .  R.  Beeler ,  J r . ,  Department of Nuclear Engineer ing,  Nor th  
Carol  i na  S ta tg  U n i v e r s i t y ,  Rale igh,  NC 27607 

83. A. L. Bement, Department o f  M e t a l l u r g i c a l  and M a t e r i a l s  Science, 
Massachusetts I n s t i t u t e  o f  Technology, Cambridge, MA 02139 

84. A .  Bol tax ,  Westinghouse Advanced Reactor D i v i s i o n ,  P. 0.  Box 158, 
Madison, PA 15663 



A. D. B r a i l s f o r d ,  Ford S c i e n t i f i c  Laboratory ,  P.  0.  Box 2053, 

Dearborn, M I  48120 
J .  L .  B r i m h a l l ,  B a t t e l l e  P a c i f i c  Northwest Labora to r ies ,  
Rich land,  WA 99352 
R. Bul lough, T h e o r e t i c a l  Physics D i v i s i o n ,  Bldg. B.9, Atomic 
Energy Research Estab l ishment ,  Harwel l ,  B i r k s h i r e ,  England 
L .  T. Chadderton, Phys ics Lab I I ,  H.  G. Orsted I n s t i t u t e ,  
U n i v e r s i t y  o f  Copenhagen, Un i ve rs i t e t spa rken  5, DK-2100, 
Copenhagen @, Denmark 

J .  W .  Corbe t t ,  Phys ics Department, S ta te  U n i v e r s i t y  o f  New York 
a t  Albany, Albany, NY 12203 
A. G. Crocker, Department o f  Physics,  U n i v e r s i t y  o f  Surrey, 
Gu i 1 d f o r d  GUZ 5XH, Un i t ed  Kingdom 
D. DeFontaine, M a t e r i a l s  Depar'Lll~ent, UCLA School o f  Fngineer ing,  
Los Angeles, CA 90024 
..I, nlenes, Department o f  Physics,  Brookhaven Nat iona l  Laboratory ,  

Upton, NY 1 1973 
D. G. Doran, Hanford Engineer ing Development Laboratory ,  
P. 0.  Box 1970, Rich land,  WA 99352 
A.J.E. Foreman, M e t a l l u r g y  D i v i s i o n ,  UKAEA Research Group, AERE 
Harwe l l ,  D idco t ,  Oxon, England 

J .  G i t t u s ,  UKAEA, Salwick,  Preston, England 
A. Goland, Brookhaven Na t i ona l  Laboratory ,  Upton, NY 11973 
D. R. Har r i es ,  M e t a l l u r g y  D i v i s i o n ,  UKAEA Research Group, AERE 
Harwe l l ,  D idco t ,  Oxon, England 
J .  E.  H a r r i s ,  Berke ley  Nuclear Laboratory ,  Berkeley,  G louces te rsh i re ,  
England GL13 9 PB 
J .  H i l l a i r e t ,  Dgpartment de Recherche Fondamentale, Centre d tE tudes  
Nuc lga i res ,  85 X, 38041 Grenoble Cedex, France 
R .  A. Johnson, Department o f  M a t e r i a l s  Science, U n i v e r s i t y  o f  
V i r g i n i a ,  C h a r l o t t e s v i l l e ,  VA 22903 
W. C .  Johnstnn, General E l e c t r i c ,  Research and Development Celst t r ,  
P , 0. Box 1 , Cchenectady , NY 12301 
Adam Jostsons, A u s t r a l i a n  Atomic Energy, Commission Research 
Establ ishment ,  Lucas Heights ,  New South Wales, A u s t r a l i a  
P. Jung, l n s t i t u t  f i r  Festkorper forschung der  Kernforschungsanlage, 
J i l  i c h  GmbH, 0-5170 J i l  i c h  1, Post fach 1913, Germany (BRD) 
S. D. Harkness, M a t e r i a l s  Science D i v i s i o n ,  Argonne Nat iona l  
Laboratory ,  Argonne, I L  60439 
M. Ki r i t a n i  , Department o f  M a t e r i a l  Physics,  F a c u l t y  o f  Engineer ing 
Science, Osaka U n i v e r s i t y ,  Toyonaka, Osaka, Japan 
G.  K u l c i n s k i ,  Nuc lear  Engineer ing Department, U n i v e r s i t y  o f  
Wisconsin, Madison, W I  53706 
J .  J .  L a i d l e r ,  Hanford Engineer ing Development Laboratory ,  
P .  0.  Box 1970, Rich land,  WA 99352 
V .  Levy, Cent re  d tE tudes  Nuc lea i res  de Saclay, B o i t e  Pos ta le  No. 2, 
91 190 G i f - su r -Yve t t e ,  France 

Chc-Yu L i ,  Department o f  M a t e r i a l s  Science and Engineer ing,  

Co rne l l  U n i v e r s i t y ,  t thaca,  NY 14850 
G. Mar t i n ,  Centre d lEtudes Nuc lea i res  de Saclay, B o i t e  Pos ta le  
No. 2, 91190 G i f - su r -Yve t t e ,  France 



D. J .  M iche l ,  Naval Research Laboratory ,  Code 6390, Washington, 
DC 20390 

T. E .  M i t c h e l l ,  D i v i s i o n  o f  Me ta l l u rgy  and M a t e r i a l s  Science, Case 
Western Reserve U n i v e r s i t y ,  U n i v e r s i t y  C i r c l e ,  Cleveland, OH 44106 

J .  Moteff ,  Department o f  M a t e r i a l s  Science and M e t a l l u r g i c a l  Engineer ing,  
U n i v e r s i t y  o f  C i n c i n n a t i ,  C i n c i n n a t i ,  OH 45221 
F. A .  Nicho ls ,  M a t e r i a l s  Science D i v i s i o n ,  Argonne Na t i ona l  Laboratory ,  
Argonne, I L  60439 
G. R. Odette, Department o f  Nuclear Engineer ing,  U n i v e r s i t y  o f  

Cal i f o r n i a ,  Santa Barbara, CA 93107 

W. S c h i l l i n g ,  l n s t i t u t  f U r  Festkorper forschung der  Kernforschung- 
sanlage, J u l i c h  GmbH, D-5170 J u l i c h  1 ,  Postrach 1913, Germany (BRD) 
A.  Seeger, Max-P lanck- lns t i tue  f U r  Meta l l fo rschung,  l n s t i t u e  fUr  
Phys i k, D7000 S t u t t g a r t  80, BUsnauer St rasse 171, Germany (BRD) 

D. N .  Seidman, Department o f  M a t e r i a l s  Science, Bard H a l l ,  
Co rne l l  U n i v e r s i t y ,  I thaca,  NY 14850 
E .  P. Simonen, B a t t e l l e  P a c i f i c  Northwest Labora to r ies ,  

Richland, WA 99352 
F. A. Smidt, Fuels Systems Branch, Department o f  Energy, 
Wash i ngton, DC 20545 
B. N. Singh, Me ta l l u rgy  D i v i s i o n ,  Danish Atomic Energy Commission, 
Research Estab l  ishment Risd, Roski lde, Denmark 
R. E .  Smallman, Department o f  Phys ica l  M e t a l l u r g y  and Science o f  
M a t e r i a l s ,  U n i v e r s i t y  o f  Birmingham, P. 0.  Box 363, Birmingham 
815 2TT, England 
M. V .  Speight,  Cent ra l  E l e c t r i c i t y  Generat ing Board, Berke ley 
Nuclear Labora to r ies ,  G louces te rsh i re  GL 13 9 r B ,  England 
J .  A. Sprague, Naval Research Laboratory ,  Code 6395, Washington, DC 

20375 
J .  T. Stan ley,  Col lege o f  Engineer ing Science, Ar izona S ta te  
Un i vers i t y ,  Tempe, AZ 85281 

J .  L. St raa lsund,  Hanford Engineer ing Development Laboratory ,  
P. 0. Box 1970, Richland, WA 99352 
H.  Ul lma ie r ,  l n s t i t u t  f u r  Festkorper forschung der  Kernforschungsanlage, 
J U l i c h  GmbH, D-5170 J U l i c h  1 ,  Post fach 1913, Germany (BRD) 
M. S .  Wechsler, Depar tment .o f  M a t e r i a l s  Science and Engineer ing,  
Iowa S ta te  U n i v e r s i t y ,  Ames, I A  50010 
H. Weidersich, M a t e r i a l s  Science D i v i s i o n ,  Argonne Na t i ona l  
Laboratory ,  Argonne, I L  60439 
P. Wilkes, Department o f  Nuclear Engineer ing,  Eng ineer ing  Research 
B u i l d i n g ,  U n i v e r s i t y  o f  Wisconsin, Madison, W I  53706 

W. G.  Wolfer ,  Department o f  Nuclear Engineer ing,  Eng ineer ing  
Research B u i l d i n g ,  U n i v e r s i t y  o f  Wisconsin, Madison, W I  53706 
DOE, D i v i s i o n  o f  M a t e r i a l s  Sciences. Washington, DC 20545 

L. C .  l a n n i e l l o  

D. K. Stevens 
DOE, Oak Ridge Operat ions O f f i c e ,  P .  0. Box E, Oak Ridge, TN 37830 
D i r e c t o r ,  Research and Technica l  Support D i v i s i o n  
For d i s t r i b u t i o n  as shown i n  TID-4500 D i s t r i b u t i o n  Category, 

UC-25  ateri rial s) 


