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ABSTRACT 

I Specimens of Ferrovac "EW, decarbur ized  i r o n ,  i r r a d i a t e d  

i Ferrovac "En, and 700 ppm C-iron were s t r a i n e d  1 0  pe rcen t ,  he ld  i n  

t h e  loaded c o n d i t i o n  f o r  s p e c i f i e d  t i m e s  and t h e n  unloaded t o  zero  

E a p p l i e d  s t r e s s .  Resu l t i ng  r e v e r s e  r e l a x a t i o n  curves  were not  loga-  

i 

I 
r i t h m i c  bu t  fol lowed t h e  g e n e r a l  form, $ = A t R  'm- ' ) .  TWO s t a g e s  of 

r e v e r s e  r e l a x a t i o n  were noted f o r  Ferrovac "EW, s t a g e  1 4 1 min. and 

s t a g e  I1 > 2 mine Both provided nega t ive  values  f o r  m, and r e f l e c t e d  
I 
i t a n g l i n g  of d i s l o c a t i o n s  and pSnning by accumulation of carbon du r ing  

r eve r se  f l ow f o r  s t a g e s  I and 11, r e s p e c t i v e l y .  Decarbur iza t ion  

) caused an i n c r e a s e d  t a n g l i n g  r a t e  and convers ion of s t a g e  I1 t o  loga-  

:i r i t h m i c  behavior  (m=0), I r r a d i a t i o n  reduced c r o s s  g l i d e  and t a n g l i n g ,  

and removed carbon from t h e  l a t t i c e ,  probably a s  carbon-defect  p a i r s .  

Excess carbon had l i t t l e  e f f e c t ,  except  t o  make m more nega t ive  

dur ing s t a g e  11. Pinning of d i s l o c a t i o n s  i n  t ang led  networks by 

d i s l o c a t i o n  r e d i s t r i b u t i o n  and carbon atmosphere took  p l ace  dur ing  

I t he  forward r e l a x a t i o n  cyc le .  Unpinning of t h e s e  d i s l o c a t i o n s  du r ing  

I r eve r se  f low r e s u l t e d  i n  a p o s i t i v e  m i n  s t a g e  1- Yield p o i n t  

i a n a l y s i s  s u b s t a n t i a t e d  t h e  pinning and unpinning r e s u l t s .  Observat ion 

1 of t h e  magnitude of A and t h e  change w i t h  holding t ime showed forward 

f r e l a x a t i o n  i n  Ferrovac RET? and 700 ppm C-iron t o  be p a r a b o l i c  (mh) 01, 
f 
I t h e  c o n f i g u r a t i o n s  produced i n  t h e  i r r a d i a t e d  samples t o  have a lower 

i degree of t a n g l i n g  and more Mfreery  d i s l o c a t i o n  segments, and t h e  

1 c o n f i g u r a t i o n  i n  t h e  decarbur ized  samples t o  be heav i ly  t a n g l e d ,  

1 



i INTRODUCTION 

The fundamentals of gross  d i s l o c a t i o n  flow and deformation i n  

pure i r o n  might b e s t  be determined by considering d i s l o c a t i o n  i n t e r -  

i ac t ions ,  s l i p  systems, and s l i p  conf igura t ions  rabher than  ac t iva -  

I t i o n  mechanisms f o r  movement of i n d i v i d u a l  segments. Much use fu l  
I 

I work has been done using the i n t e r r u p t e d  forward creep method, most 
( 1  

extens ive ly  by Conrad , and has r e s u l t e d  i n  information concerning 

a c t i v a t i o n  volumes and energies  f o r  d i s l o c a t i o n  motion over ranges 

of temperature and s t r e s s .  The r e s u l t s ,  however, appear t o  be inde- 

pendent of g r o s s  d is loca tv ion  behavior,  i n t e r a c t i o n s  and possible  

changes i n  s l i p  mechanism with change i n  t e s t  condi t ion,  which seem 

t o  govern t h e  deformation c h a r a c t e r i s t i c s .  The techniques of e l e c t r o n  

I and o p t i c a l  microscopy have been used t o  i l l u s t r a t e  d i s l o c a t i o n  and 

) s l i p  l i n e  conf igura t ions  produced under var ious t e s t  condi t ions,  a s  
( 2 )  I shown by Keh and Weissmann f o r  example, but do no t  consider  t h e  

k i n e t i c s  of t h e i r  formation. 

A method c u r r e n t l y  being used t o  study d i s l o c a t i o n  k i n e t i c s  is 
- n 

the eva lua t ion  of t h e  exponent n  i n  t h e  r e l a t i o n  v = ((/%) first 
(3 1 proposed by Gilman and Johnston , where 'f i s  the e f f e c t i v e  s t r e s s  * - 

aiding d i s l o c a t i o n  movement and V i s  the  average d i s l o c a t i o n  v e l o c i t y ,  

S t e i n  and Low 
( 4  1 

have measured n  i n  Fe-3Si by the  e t c h  p i t  technique 

1 which e s s e n t i a l l y  involves  the  movement of "f reett d i s l o c a t i o n s  and 

i i s  not meant t o  be app l i cab le  t o  e f f e c t s  of changes i n  conf igura t ion  

and r e s u l t i n g  i n t e r a c t i o n s ,  a l though they  were ab le  t o  p r e d i c t  t h e  

i y ie ld  po in t  dependence on temperature by assuming a c r i t i c a l  v e l o c i t y o  
( 5 )  

Michalak has shown t h e  r e l a t i o n s h i p  between n  and the  forward creep  



[ method i n  pure i r o n  and has measured the dependence of d i s l o c a t i o n  

i 
I ve loc i ty  on s t r e s s  and temperature. To do t h i s ,  t h e  values of n 

i obtained a t  d i f f e r e n t  s t r a i n  l e v e l s  were ext rapola ted  back t o  zero 

s t r a i n  t o  o b t a i n  n*, which then  was used t o  obta in  t h e  v e l o c i t y  depend- 

ence. For comparison of t e s t  r e s u l t s  it is  necessary t o  work i n  a 
I 

i range of s t r a i n  and temperature where t h e  c ~ n f i g u r a t i o n  and s l i p  

systems opera t ive  a r e  unchanging, which could be r e s t r i c t i v e .  Noble 

and Hull ( 6 )  have shown n t o  be r e l a t e d  t o  change i n  conf igura t ion  by 

I using a s r e s s - r e l a x a t i o n  technique, but the  i n t e r p r e t a t i o n  w a s  

clouded by t h e  non-separabi l i ty  of t h e  p a r t i c i p a t i n g  processes ,  

Reverse r e l a x a t i o n ,  o r  t h e  t o r s i o n a l  a f t e r - e f f e c t ,  i s  a time 

i dependent p l a s t i c  recovery subsequent t o  loading and holding cycles ,  

I The recovery is  a f f e c t e d  by ( a )  an i n t e r n a l  l o c a l i z a t i o n  of d is loca-  

t ions  i n t o  high s t r e s s '  regions,  or  ( b )  a sur face  b a r r i e r  i n  which 
I 

1 e i t h e r  d i s l o c a t i o n  emigration i s  prevented ( 7 )  o r  a d i f f e rence  i n  

e l a s t i c  cons tants  e x i s t s  between metal and oxide ( ' I .  I n  e i t h e r  case,  

- -  release of t h e  app l i ed  s t r e s s  w i l l  cause a s t r a i n  r e v e r s a l  by an 

unbalanced s t r e s s  f i e l d ,  I n  t h e  present  work t h e  reverse  r e l a x a t i o n  r 
1 technique was used t o  i n v e s t i g a t e  changes i n  forward d i s l o c a t i o n  

I configurat ion w i t h  time, sepa ra t ion  of processes con t r ibu t ing  t o  

1 forward and reverse  d i s l o c a t i o n  motion, and t o  show the  e f f e c t s  of r 
i r s t r u c t u r a l  changes, such a s  i r r a d i a t i o n  damage, on each  of t h e  

I processes sepa ra te ly .  For t h i s  work, a l l  specimens were chemically 

i 
polished immediately p r i o r  t o  t e s t i n g  t o  minimize t h e  su r face  e f f e c t  

and t o  allow study of t h e  i n t e r n a l  p roper t i e s .  The d r i v i n g  fo rce  

i for  reverse re laxa5ion  ( i n t e r n a l  s t r e s s  f i e l d ) ,  and t h e  number of 



I mobile d i s loca t ion?  present  a t  t h e  time of l ~ a d  removal a r e  con- 

I 
1 

t r o l l e d  by t h e  forward s t r a i n  and r e l p x a t i o n  cyc les ;  thus  changes 

I i n  conf igura t ion  during forward flow can be detected by measuring 

changes i n  t h e  reverse  r a t e .  Al50, t h e  c h a r a c t e r i s t i c s  of t h e  

reverse r e l axq t ion  Cyrves provide information concerning the  r e l a -  

t i v e  ease of movement of the  d is4ocat ions  through the  l a t t i c e ,  An 

advantage o f '  using reverse  movement r a t h e r  than forward movement 

I t o  s tudy l a t t i c e  e f f e c t s  i s  t h e  absence during reverse  f low of 

i such c o n t r i b u t ~ r s  t o  forward creep a s  recovery and c e l l  formation, 

s i g n i f i c a p t  m u l t i p l i c a t i o n  of new d i s l o c a t i o n  segments by double 

1 c r o s s  g l i d e  and changes i n  gross  conf igura t ion .  

f 3 
The reverse r e l a x a t i o n ,  , i s  genera l ly  considered t o  be 

k 
logarithmic and the  d a t a  preseqted a s  i n  Eq. (,I 1. 

( 1  ) & = Q  +ocP l i t ,  

i 
1 

i ( 9  1 Roberts and Brown deriued t h i s  r e l a t i ~ n s h i p  f o r  r e l a x a t i o n  i n  zinc 

s ingle  c r y s t a l s  by assuming t h e  dimensional representa t ion  of Eq. ( 2 )  

t o  be appl icable ,  i n  which NmR i s  t h e  number of cont r ibut ing  d i s l o c a -  

I - 
I 

t i o n  segments, VR i s  t h e i r  average v e l o c i t y  equal t o  lJeyrf-l"su~Y,)!~T3, T* 

i is t h e  e f f e c t i v e  s t r e s s  a t  any time and "vrf the  a c t i v a t i o n  volume, The 

i I 
s t r e s s ,  t* , was w r i t t e n  a s  C*=T[- Tfi -ebb , TI being t h e  i n t e r n a l  

I s t r e s s  f i e l d  a t  tR = 0,  t h e  appl ied  s t r e s s ,  and Q a  work-softening 

coeff ic ient  equal t o  3TA ha. a t  tR = Q. By assuming NmR cons tant  



1 
they a r r i v e d  a t  a  form of Eqo (1  1, where = h and (3 conta ined  

i V8 

I t h e  c o n s t a n t  t e rms  i n  t h e  form, 

) The assumption of cons t an t  NmR d u r i n g  r e l a x a t i o n  appears  ques t ion-  

a b l e  i n  m a t e r i a l s  where m u l t i p l e  g l i d e  and i n t e r a c t i o n s  predominate, 

such as w i t h  pure i r o n  i n  t h e  p re sen t  work, A p re l iminary  r e v e r s e  

/ r e l a x a t i o n  t e s t  d i d  indeed show a s i g n i f i c a n t  d e v i a t i o n  from loga- 

i r i thmic  behavior ,  prompting a re -eva lua t ion  of t h e  v a r i a b l e s ,  One 

/ approach would be t o  v a r y  NmR w i t h  t ime  i n  t he  manner suggested by 

! Gilman and ~ o h n s t o n ' ~  i n  LiF c r y s t a l s ,  Eq. ( 3 ) ,  and l a t e r  used by 

2 

(3 ) a N w a  = KINhp - K, N W R  r b t ~  

1 Li (10) t o  analyze c r eep  r a t e  i n  meta l s .  The r a t e  cons t an t s  K1 and 
f 

I Kg a r e  f o r  m u l t i p l i c a t i o n  by double c r o s s  g l i d e  and removal by 

tang l ing ,  r e s p e c t i v e l y ,  The r e s u l t i n g  express ion  f o r  the  number of 

d i s loca t io r i s  is  g iven  i n  Eq. ( 4 ) ,  where Nmi i s  the  i n i t i a l  number of 

( mcbile d i s l o c ~ t i o i i s  and NI,,S is t h e  f i n a l  number (tR+*) and equa l  t o  

K,/K*. Assurnin,?, as does Li 
1 t h a t  t h e  v e l o c i t y  is cons t an t ,  . 
I Nqi = *~ i / ,  7, and N,, = %m/bpk . If K1 i s  smal l  and kei , which 

i s  reasonable  f o r  r eve r se  flow, Eq, ( 4 )  reduces  t o  t h e  logar i thmic  

form,  t e = & s + c  Thus, l o g a r i t h m i c  behavior can r e s u l t  from a r 
I 

t -' 
j changing d i s l o c a t i o n  d e n s i t y  a t  cons t an t  v e l o c i t y ,  o r  changing 

I ve loc i ty  a t  a cons tan t  d e n s i t y ,  I n s e r t i n g  a combination of bo th  



b 

f e f f e c t s  i n t o  Eq,  ( 2 )  l e a d s  t o  t h e  complex form o f  Eq, ( 5 ) ,  where B 

'5s e q u a l  t o  v-e bA. d N m s  e ~ p ~ - ( ~ ~ - \ r ~ ! ) / h - r ~  a t  Ta = 0, and A' i s  
TT 

I equa l  t o  (Nmi - N , ~ ) / N , ~ , ,  Taking K1 small reduces the  logar i thmic  
l? 1? / term i n  t h e  b racke t  t o  l o g  [ 1 + A K l t R  1 , where A = A ' / ( ~ - A ' ) ~  

t? 1 This t h e n  becomes approximately  A K l t R  a i d  Eq. (51. reduces t o  t h e  

I l oga r i t hmic  form of Eqo ( 1 )  w i th  Nmi r e p l a c i n g  N i n  t h e  cons tan t  
mR 

\ term, @ Again, it i s  no t  c l e a r  t h a t  a combination of Eqs. ( 2 )  

i and ( 3 )  w i l l  l e a d  t o  a g e n e r a l  e x p r e s s i o n  from which dev ia t ions  from 

I l oga r i t hmic  b ehavior  can be q u a n t i t a t i v e l y  s tud ied .  A d i f f e r e n t ,  

and as  y e t  unknown, r e l a t i o n s h i p  f o r  k appears  t o  be necessary i n  r mR 

i place of  Eq, ( 3 ) .  Since  t h e  number of  processes  c o n t r i b u t i n g  t o  . 

( change i n  d i s l o c a t i o n  d e n s i t y  du r ing  r e l a x a t i o n  i n  pure i r o n  can be 
I 

/ formidable and can v a r y  wi th  t e s t  cond i t i ons ,  and s i n c e  t h e  cu r r en t  

f s t a t e  of knowledge cannot d e s c r i b e  each  of the  c o n t r i b u t o r s  s u f f i -  

c i e n t l y ,  it i s  d o u b t f u l  t h a t  a workable equa t ion  can be found t o  

( meet a l l  of t h e  requirements  of t h e  p r e s e n t  work. It is  hoped t h a t  

( the  r e s u l t s  of t h i s  s t u d y  w i l l  l e a d  t o  such an equat ion.  

i It seems adv i sab le  f o r  t h e  p r e s e n t  t o  fo l low Grussard9s  sug- 

g e s t i o n  (11 
t h a t ,  where p o s s i b l e ,  a g e n e r a l  equa t ion  of t h e  form, 



should be used t o  ana lyze  c r eep  behavior ,  Changes i n  charac te r -  

i s t i c s  of  d i s l o c a t i o n  movement produce a charge i n  t h e  parameter 

m, which thus  can b e  used a s  a r e p r e s e n t a t i o n  of t h e  d e v i a t i o n  

from loga r i t hmic  behav io r ;  t h a t  i s ,  m = 0 corresponds t o  loga-  

r i thmic creep,  rn > 0 i s  a p o s i t i v e ,  o r  p a r a b o l i c  d e v i a t i o n ,  and 

m <  0 is a nega t ive ,  o r  hyperbol ic ,  d e v i a t i o n ,  Assuming the 

reverse  r e l a x a t i o n  d a t a  can be p l o t t e d  i n  t h i s  manner, a t  l e a s t  

q u a l i t a t i v e  in format ion  concerning t h e  r e l a t i v e  e a s e  of d i s loca-  

t i o n  movement can b e  obta ined.  



EXPERIMENTAL PROCEDURE 

The m a t e r i a l s  used i n  t h i s  i n v e s t i g a t i o n  were Ferrovac *EW D 

700ppm C-iron, and decarbur ized Ferrovac t tEvo A chemical a n a l y s i s  

of t h e  Ferrovac is g iven  i n  Table I, 

Table I 

C 0 N H Minimum Fe 
Ferrovac "ETt 30ppm 55~pm S P P ~  7ppm 99.94. 

The h igh  c a r b o n  m a t e r i a l  was made by remel t ing t h e  Ferrovac i n  

vacuum and adding t h e  necessary m o u n t  of g r a p h i t e ,  The decarbur-  

i z a t i o n  t rea tment  used w a s  t h e  method of S t e i n ,  e t  a1. (12 )  which 

cons i s ted  of hea t ing  samples t o  8 5 0 ~ ~  f o r  72 hours i n  a d ry  

pu r i f i ed  hydrogen atmosphere. Cont ro l  s amples conta in ing  were 

used a l lowing a measure of t h e  carbon conten t  a f t e r  tKe decarbur i -  

za t ion  t r ea tmen t ,  A reasonable  e s t i m a t e  based on t h e  count ing 

technique w a s  about  ppm. The absence of an upper y i e l d  p o i n t  

was f u r t h e r  evidence t h a t  the  carbon w a s  removed i n  t h e  m a t e r i a l  

used i n  t h e  p r e s e n t  work, 

The specimens were  swaged t o  0,050rt  D, s t r a i g h t e n e d ,  cu t  i n t o  

two inch  l e n g t h s ,  and annealed i n  vacuum f o r  six hours a t  700°c, 

r e s u l t i n g  i n  an ave race  g r a i n  s i z e  o f  0,040 ma The decarbur ized  

samples had an average g r a i n  s i z e  of 0,200 mm, Standard Ferrovac "En 

samples of t h e  same g r a i n  s i z e  were prepared by hea t ing  i n  vacuum 

f o r  72 hours a t  8 7 5 O ~ .  Samples of Ferrovac "Ett were i r r a d i a t e d  t o  
18 

2 x 1 0  nvt  (E  ) 1.45 mev) a f t e r  t h e  7 0 0 ~ ~  annea l ,  A l l  specimens 

were chemica l ly  po l i shed  i n  7 O H  PO - 30H 0 immediately p r i o r  t o  
3 4 2 2 

t e s t i n g ,  



The appa ra tus  used f o r  performing t h e  forward and r e v e r s e  r e l a x a -  

I 
t i o n  s t u d i e s  was e s s e n t i a l l y  t h o  same a s  t h a t  used by B a r r e t t ( 7 ) ,  w i t h  

mechanical mod i f i ca t ions  f o r  uniform load  and unload cyc l e s ,  and pro- 

v i s i o n  f o r  t e s t i n g  a t  low tempera ture  f o r  f u t u r e  c o n t i n u a t i o n  s t u d i e s ,  

I B r i e f l y ,  a specimen is  t w i s t e d  t o  a p re sc r ibed  ang le ,  he ld  under l o a d  

f o r  a g iven  holding t ime,  and t h e n  r e l e a s e d ,  The s t r e s s  dur ing  t h e  

I t w i s t  cyc l e  i s  measured by using a c a n t i l e v e r  beam wi th  an  a t t a c h e d  

/ SR-4 s t r a i n  gage as t h e  means of keeping a f r i c t i o n l e s s  t o p  s t o p  from 
I 
I 

being r o t a t e d  by t h e  specimen. The f o r c e  on t h e  beam, o r  t h e  t o rque  

on the  specimen, i s  t h e n  p l o t t e d  on a s t r a i n  gage recorder ,  r e s u l t i n g  

i n  s t r e s s - t ime  curves ,  Upon load  removal, an  immediate e l a s t i c  

response t a k e s  p lace  fol lowed by a time-dependent un twis t ing ,  o r  
t 

reverse  r e l a x a t i o n ,  By us ing  a  lamp-mirror-scale arrangement, a 

su r f ace  s t r a i n  s e n s i t i v i t y  of about 0 (0.25 mrn s c a l e  r ead ing )  

t was achieved.  The t w i s t  r a t e  was 6 deg. s e c  .-I (0.157min-~ s u r f  ace 

I 
I s t r a i n  r a t e ) ,  and t h e  ang le  of t w i s t  w a s  230 deg. (0, lO su r f ace  s t r a i n )  



EXPERIMENTAL RESULTS 

Ferrovac ttETr 

A fami ly  of r e v e r s e  r e l a x a t i o n  cu rves  f o r  Ferrovac ?'En i r o n ,  

obta ined f o r  d i f f e r e n t  holding t imes a f t e r  a  0.10 forward s t r a i n ,  
I 
i i s  shotm i n  Fig,  lo  The a b s c i s s a  used w a s  l o g  t t o  i l l u s t r a t e  R 

d e v i a t i o n s  from loga r i t hmic  behavior ,  The " i n i t i a l r r  r e l a x a t i o n  r a t e  

i l lcreased w i t h  i n c r e a s i n g  holding t i n e ,  th, f o r  a t l e a s t  20 n i n u t e s ,  

rind t l i n  c  illbvrs ~ ; i i i ~ n : l : r  o!lo:i ii i;cqiiti.ie dev ia t ion .  For th 2 40 min., 

t h e  curves  i n i t i a l l y  d e v i a t e  p o s i t i v e l y  t h e n  t ransform t o  a nega t ive  

dev ia t ion  a t  longer  r e l a x a t i o n  t imes ,  Also, t h e  " i n i t i a l n  r a t e  
1 

/ decreases  w i t h  i n c r e a s i n g  holding t i m e s  'beyond 40 rnin. 

~ e p l o t t i n ~  t h e  d a t a  a bc~.oq6.d~ = l o  A +(m-l)lo t~ as suggested by s 1 
Eq, ( 6 )  r e s u l t s  i n  t h e  s e r i e s  of cu rves  i n  Fig,  2, Consider f irst  t h e  

: curves f o r  holding t imes of 5, 10  and 20 minutes ( 0  and 1 min. curves  

I were not  inc luded  t o  avoid  unnecessary confusion s i n c ~  t h e y  were 

s imi l a r  t o  t h e  5,  10 ,  and 20 minutes r e s u l t s ) .  The d a t a  can b e  sepa- 

1 ra ted  i n t o  two l i n e a r  r eg ions ,  s t a g e  I< 1 min. and s t a g e  I1 > 2 min. 
I 

I The curves  appear  t o  be approximately p a r a l l e l  i n  bo th  s t a g e s ,  t hus  

I enabling t h e  s e p a r a t i o n  of t h e  forward and reverse  processes ;  t h a t  i s ,  

( t h e  r eve r se  f l ow mechanisms a r e  independent  of holding t ime,  but  t h e  

( abso lu te  magnitude of t h e  cons tan t  A i s  c o n t r o l l e d  by t h e  forward 

1 processes occur r ing  du r ing  t h e  ho ld ing  per iod.  The s l o p e s  of t h e  l i n e s  

( i n  the  two s t ages  provide va lues  of m < 0, t h e  second s t a g e  being more 

I negative t han  the  f i rs t ,  The nega t ive  m w a s  impl ied i n  Fig ,  1, but  

( con t r ibu t ion  by more t h a n  one mechanism was not obvious,  The magni- 

1 tude of A i nc reased  w i t h  holding t ime .  The d a t a  f o r  th = 40 mino 
# 

I shows an  i n i t i a l  s t a g e  ( s t a g e  1' ) where m > 0 and t h e n  a f i n a l  s t a g e ,  . 



which becomes p a r a l l e l  t o  s tage  I1 of t h e  s h o r t e r  holding time 

curves. A t  th = 60 min,, m i s  s t i l l  p o s i t i v e  i n  t h e  i n i t i a l  s tage ,  

bu t  lower t h a n  t h a t  of the  th = 40 min. curve. Again t h e  f i n a l  

s t age  is  p a r a l l e l  t o  s t a g e  11. After  a 120 min, hold apparent ly 

a l l  t h r e e  s t a g e s  (I, I', 11) a r e  present .  The value q f  A is  seen 

t o  decrease s i g n i f i c a n t l y  a t  t h e  longer  holding t ime, 

To summarize b r i e f l y ,  t h e  da ta  has shown t h e  following: 

(1) a t  l e a s t  t h r e e  mechanisms con t r ibu t ing  t o  r eve r se  r e l a x a t i o n  

have been found, two r e s u l t i n g  i n  negat ive m ( s t a g e s  I and 11) and 

1 one i n  p o s i t i v e  m ( s t age  1 ) , (2 )  t h e  negat ive and p o s i t i v e  values 

of m a r e  independent and dependent on holding time, r e spec t ive ly ,  

( 3 )  t h e  v a l u e  of A i nc reases  then  decreases with holding t ime, t h e  

decrease co inc id ing  with t h e  onset of p o s i t i v e  m, 

The fol lowing s e r i e s  of t e s t s  were run t o  a s s i s t  i n  t h e  i d e n t i -  

f i c a t i o n  of t h e  v a r i o u s  mechanisms involved, and t o  show simultaneous- 

l y  the  e f f e c t s  of s t r u c t u r a l  changes on t h e  mechanisms. 

Decarburized i r o n  - 
Samples of Ferrovac "EW were t r e a t e d  i n  t h e  manner descr ibed in 

a previous s e c t i o n  t o  reduce the carbon content.  Reverse r e l a x a t i o n  

t e s t s  were run over a s e r i e s  of holding t imes,  and t h e  da ta  p l o t t e d  

t o  provide Fig.  3, The curves aga in  show two s t a g e s ,  t h e  f i r s t  being 

similar t o  s t a g e  I i n  Ferrovac "En, but t h e  second being logar i thmic  

(m=0) i n d i c a t i n g  t h a t  removal of s t age  I1 r e s u l t s  from carbon deple t ion .  

Thus, it seems a t  l e a s t  one s t age ,  s t age  11, can be  i d e n t i f i e d  as  the  

i n t e r a c t i o n  of moving d i s l o c a t i o n s  wi th  t h e  dissolved carbon i n  t h e  

l a t t i c e ,  most l i k e l y  by accumulation of an atmosphere, decrease i n  



v e l o c i t y ,  and subsequent pinning,  Also, t h e  p o s i t i v e  m s t a g e  was  

not found and A appeared t o  be independent of holding t ime ,  Since 

t h e  d e c a r b u r i z a t i o n  t rea tment  produced a n  inc rease  i n  g r a i n  s i z e ,  

a s e r i e s  of s t anda rd  Ferrovac "En samples w i th  t h e  l a r g e r  g r a i n  s i z e  

was run t o  determine whether m depended on t h e  l o s s  of carbon o r  on 

g r a i n  s i z e ,  A s  shown i n  l a t e r  summary f i g u r e s ,  t h e  v a l u e s  of m were 

t h e  same a s  t hose  found i n  t h e  s m a l l e r  g r a i n  s i z e  samples d i scussed  

prev ious ly ,  bu t  A showed a  tendency t o  be somewhat lower a t  comparable 

holding t ime so 

I r o n  - 700ppm carbon 

The curves  of F i g ,  4 r ep re sen t  t h e  r e s u l t s  of a  s e r i e s  of t e . s t s  

run i n  samples w i t h  a n  excess ive  carbon  con ten t ,  The t h r e e  s t a g e s  of 

reverse  r e l a x a t i o n  p rev ious ly  observed i n  Ferrovac llETr aga in  a r e  

p resen t ,  but  t h e  p o s i t i v e  d e v i a t i o n  (m) 0 )  appears  only a f t e r  a  

3 prolonged holding t ime of 10 min,,  and s t a g e  I1 begins  a f t e r  a 

longer  r e l a x a t i o n  pe r iod ,  

I r r a d i a t e d  Ferrovac "En 

Test  samples of Ferrovac WEw i r r a d i a t e d  a t  2 x lo1' nvt  provided 

the  r eve r se  r e l a x a t i o n  curves  of F ig ,  5 ,  Within l i m i t s  of e r r o r ,  

s t age  I appears  t o  be l oga r i t hmic  o v e r  a l l  holding t imes  i n d i c a t i n g  

t h e  absence of one of t h e  c o n t r i b u t o r s  t o  nega t ive  d e v i a t i o n ,  Stage I1 

i n i t i a l l y  shows a l a r g e  nega t ive  d e v i a t i o n  ( m  more nega t ive  t han  i n  

un i r r ad i a t ed  "Err),  but  qu i ck ly  becomes loga r i t hmic  a f t e r  th> 1 min. 

The value of A is  not  s t r o n g l y  a f f e c t e d  by holding t ime b u t ,  as shown 

i n  a  l a t e r  f i g u r e ,  f i r s t  i nc reases  t h e n  decreases  a f t e r  one minute 

To assure  t h a t  t h e  obse rva t ions  were produced by t h e  i r r a d i a t i o n ,  



i r r a d i a t e d  samples were annealed f o r  2 hours  a t  ~ O O ~ C ,  a  t rea tment  

known t o  cause r e v e r s i o n  of mechanical p r o p e r t i e s  t o  t h o s e  of t he  un- 

i r r a d i a t e d  s t a t e ,  Tes t ing  produced r e s u l t s  i d e n t i c a l  t o  t he  d a t a  of 

F igo  2  w i t h  one except ion ,  a l a r g e r  nega t ive  d e v i a t i o n  was observed 

i n  s t a g e  11, This could very w e l l  be t h e  supe rpos i t i on  of t h e  e f f e c t s  

o f  t h e  annealed s t r u c t u r e  ( loops ,  e t c , . )  on t h e  carbon pinning,  

Summary curves  

A comparison of t h e  above f i n d i n g s  a r e  i l l u s t r a t e d  i n  F i g s o  6 

and 7  f o r  va lues  of m and A ,  r e s p e c t i v e l y ,  The s i g n i f i c a n t  observa- 

t i o n s  a r e  as fo l lows  : 

(1 Stage  I - The va lues  of m f o r  Ferrovac "EV, decarbur ized i r o n ,  

and 7OOppm C-iron a l l  f a l l  w i th in  t h e  band -.2 ) m ) -036  ( f o r  

th < 20 min. ),  w i t h  t h e  decarbur ized samples providing t h e  lowes t  

values.  A t  th = 40 min,, Ferrovac "EW ( b o t h  g r a i n  s i z e s )  shows a 

1 p o s i t i v e  d e v i a t i o n  ( s t a g e  P , m w+ . k ) .  The 700ppm C-iron shows a 

gradual  decrease  i n  nega t ive  rn and becomes p o s i t i v e  a f t e r  a  long hold- 

i n g  time, No change i n  m wi th  holding t ime i s  noted i n  t h e  decarbur-  

i zed  samples, The i r r a d i a t e d  samples show logar i thmic  behavior (m = 01, 

(2 )  Stage I1 - A g r e a t e r  spread i n  r e s u l t s  is  noted f o r  t h e  va lues  of 

m i n  t h i s  region.  Genera l ly  1 mttEltl < ( rn 
700ppmC I< 1 m I ~ ~ , ~ n n l  

and 

~ D E C A R B  = O p  showing t h e  s e n s i t i v i t y  of  t h i s  t e s t  t o  d e f e c t s  i n  t h e  

s t r u c t u r e ,  A t r e n d  seems apparent  i n  Ferrovac "Elf and 700ppm C-f ron 

whereby m decreases  a t  holding t imes  of t h e  same o rde r  as those  

required f o r  t h e  p o s i t i v e  d e v i a t i o n  of s t a g e  I i n  Ferrovac "ETr. This 

would i n d i c a t e  t h a t  t h e  phenornonon t h a t  gSves r i s e  t o  p o s i t i v e  rn a l s o  

decreases t h e  e f f e c t i v e n e s s  of s t a g e  11. A p o s i t i v e  m does not  appear  



i n  t h e  ?OOppm C-iron a t  t h i s  time, but i s  found only a f t e r  much 

Bsnger holdi  ng t imes,  

( 3  ) A values - Ferrovac trEn shows the  l a r g e s t  holding time 

dependence, A f i r s t  i n c r e a s h g  t h e n  decreasing a t  t h e  holding 

1 time correspsnding t o  t h e  onset of pos i t ive  m i n  s tage  I , 

I r r a d i a t e d  "Eft and decarburized 2 ron  a r e  b 0 th  comparatively 

i n s e n s i t i v e  t o  holding time, but  t h e  absolute  magnitudes of A i n  

the  i r r a d i a t e d  samples a  r e  h ighes t  of a l l  systems t e s t e d ,  The 

700ppm C-iron samples show a l e s s  time-dependent A than  Ferrovac 

"EW although both dev ia te  p o s i t i v e l y  from the  logarithmic 

r e l a t i o n  A = c l n t h .  The absolu te  magnitude of A is i n i t i a l l y  
t 

higher i n  the high carbon m a t e r i a l ,  



DISCUSSION 

Before analyzing t h e  da ta ,  an a t tempt  should be made t o  i l l u s -  

t r a t e  t h e  s i g n i f i c a n c e  of t h e  parameters m and A with r e spec t  t o  

d i s l o c a t i o n  motion, D i f f e r e n t i a t i o n  of Eq, ( 2 )  r e s u l t s  i n ,  

al lowing b o t h  t h e  number of mobile d i s l o c a t i o n s  and t h e i r  average 

ve loc i ty  t o  change. The ve loc i ty  is  dependent on the  e f f e c t i v e  s t r e s s  

dr iv inp  t h e  d i s l o c a t i o n s ,  and assuming t h e  r e l a t i o n  = 
* % (re??)a , w h e r e t h e  t o  be app l i cab le  and tR can be w r i t t e n  a s  T*- bA,GN, 

quant i ty  NT is the  t o t a l  number of d i s l o c a t i o n s  cont r ibut ing  t o  t h e  

i n t e r n a l  s t r e s s  f i e l d  i n  t h e  regions of high s t r e s s  concent ra t ion ,  the  - - 
change i n  v e l o c i t y  can be expressed as, VR = VR n fiT/2 NT. If t h e  

r a t e  of change i n  t h e  number of d i s l o c a t i o n  segments con t r ibu t ing  t o  

reverse r e l axa t ion ,  N ~ ,  i s  equal t o  t h e  negative r a t e  of change of 
0 

d i s loca t ions  c o n t r i b u t i n g  t o  t h e  d r i v i n g  s t r e s s ,  - NT, t hen  Eqo ( 7 )  

can be w r i t t e n  a s ,  

A comparable r e l a t i o n s h i p  can be obtained by d i f f e r e n t i a t i n g  Eq. (61, 
-I - 

r e s u l t i n g  i n  aia =(,-,)b,tp I n s e r t i n g  FfbN,VR f o r  $R and 
P ~ R  

s u b s t i t u t i n g  i n t o  Eq, ( 8 )  gives ,  

I n  pure i r o n  a t  10% s t r a i n  NT )) Nm and the  second term can b e  con- 

sidered n e g l i g i b l e ,  An approximation of Eq, ( 9 )  can t h e n  b  e  w r i t t e n ,  



/ showing t h a t  m i s  b a s i c a l l y  dependent on t h e  r a t e  of change of mobile 

1 d i s l o c a t i o n s  dur ing  r e v e r s e  flow. Th i s  could have b e e n  ob ta ined  

i 0 

d i r e c t l y f r o m E q s . { 2 )  and ( 6 )  i f  F R w e r e m a d e e q u a l  t o  zero,  a 
I 
1 condi t ion  which i s  v a l i d  i f  NT)) N, as assumed. If comparable, t h e n  
I 
I t h e  v e l o c i t y  e f f e c t  must be cons ide red ,  S u b s t i t u t i o n  of m = 0 and 
I 

i the  k i n e t i c  equa t ion  f o r  >N, 
/&R 

prev ious ly  used i n  Eq. (3 ) i n t o  

/ Eq. ( 1 0 )  r e s u l t s  i n  an  exp res s ion  a p p l i c a b l e  f o r  l oga r i t hmic  c r eep ,  

where -k3N has  been added t o  t h e  r i g h t  hand s i d e  of Eq. ( 3  ) t o  account  
! m 

f o r  s t a g e  I1 found i n  t h e  r e v e r s e  r e l a x a t i o n .  If t h e  r e a c t i o n  r a t e  
I 

0 i 

I 
cons t an t s  a r e  cons ide red  t ime-independent,  t hen  a t  rn = 0 ,  1\1, = --- . 

i C L t ;  

This a l s o  assumes a c o n s t a n t  v e l o c i t y  a s  above, s i n c e  Li  (13) has  shown 
* 

l L  ' ,C. 
t h a t  K, = k W and K2 = k V.  When 1 A ~ ,  \ < \ ( ~ ~ - k , j " ) ' l  t h e n  m > 0 

4' 
2 } from t h e  r e l a t i o n  m = 1+K2t Rfimj t h e  r e l a x a t i o n  i s  pa rabo l i c ,  and t h e  

p o s i t i v e  d e v i a t i o n s  shown i n  Fig. 1 r e s u l t  ( th  2 40 min.) .  When 
I 

1 f i w l >  1 ( ~ ~ k , ; r '  1 t h e n  m < 0, and t h e  nega t ive  d e v i a t i o n s  i n  F i g , l  

i r e s u l t  (th < 20 min. ) 

A q u a l i t a t i v e  d e s c r i p t i o n  of A can  be found by cons ide r ing  t h e  

I fol lowing.  S ince  A i s  independent of m i n  Eq. (61, use can b e  made 
\ 

of t he  exp res s ion ,  XR = AlntR+C, f o r  m = 0 .  Comparing t h i s  t o  Eqo (1) 

shows A t o  be kT . Following a s u g g e s t i o n  by McRickard (14) t h a t  

I vQ 
v  = a, where n  i s  th.e exponent i n  t h e  v e l o c i t y - s t r e s s  r e l a t i o n  used 

1: 

f 
i n  a  p rev ious  d i s c u s s i o n  and T is  t h e  s t r e s s  a c t i n g  on t h e  d i s l o c a t i o n s ,  



A can e approximated by V ~ Q ,  Considering t h i s  t o  have t h e  charac- 

I 
creep equation.  Assuming a genera l ized  form of creep,  then 

where 2~ would be equal t o  k " Y - ( w - l )  . /atc. t;c, 
Thus t h e  c h a r a c t e r i s t i c s  of forward c r eep  can b e  determined from 

0 

r e v e r s e  r e l a x a t i o n  d a t a  by p l o t t i n g  l o g  A vs log  t t o  ob ta in  mh. h  
Although t h e  d a t a  shown i n  Figo 7 i s  no t  s u f f i c i e n t  t o  ob ta in  accura te  

v a l u e s  of mh8 t h e  s i g n  can  be determined d i r e c t l y  from the  A vs log  th 

c u r v e  as was done i n  F ig ,  1 f o r  r eve r se  r e l axa t ion ,  Ferrovac "Efl 

s h o w s  a l a r g e  p o s i t i v e  d e v i a t i o n  and 700ppm C-iron a smal ler  pos i t ive  

d e v i a t i o n ,  This p a r a b o l i c  behavior i s  t y p i c a l  of forward creep 
( 1 5 )  

p r o c e s s e s ;  f o r  example, Andradets 4 creep equat ion i=@t , 
1 w h e r e  m = + -, 
3 

In i r r a d i a t e d  lrEtt, A appears  t o  b e  logar i thmic  f o r  the  f i r s t  

m i n u t e ,  then dec rease s  w i t h  tirne. This decrease i n  A can be a r e s u l t  

of e i t h e r  a d e c r e a s i n g  d r i v i n g  f o r c e  f o r  reverse flow, 

n e g a t i v e ,  o r  a  d e c r e a s e  i n  Nm, t h e  number of mobile d i s loca t ions .  In 

t h e  d e c a r b u r i z e d  i r o n ,  appears  t o  be zero and no n e t  change 

i n  *he number of d i s l o c a t i o n s  con t r i bu t ing  t o  reverse  flow i s  observedo 

Model 

A model f o r  forward and reverse  r e l a z a t i o n  can tre offered on t he  

b a s i s  of change in d i s l o c a t i o n  c o n f i g u r a t i o n  and t h e  r e l a t i v e  ease  of 

movement. The s t e p s  i n  t h e  forward process ,  a s  s u ~ ~ e s t e d  



by Garofalo 
(16) 

f o r  example, a r e  movement of d i s l o c a t i o n s  i n  t h e  

l a t t i c e ,  fo rmat ion  of t ang led  networks, r e d i s t r i b u t i o n  of d i s l o c a -  

t i o n s  i n  t h e  t a n g l e ,  and t ime dependent pinning of  t h e  d i s l o c a t i o n s ,  

I n  t h e  r eve r se  process  t h e  s t e p s  a r e  i n h i b i t i o n  of d i s l o c a t i o n  move- 

/ ment by t a n g l i n g  ( s t a g e  I), pinning by a carbon atmosphere ( s t a g e  111, 

and poss ib l e  i n c r e a s e  i n  N, by unpinning of t h e  d i s l o c a t i o n s  pinned 

1 during t h e  forward process  ( s t a g e  I 1. 

That s t a g e  I1 and t h e  decrease  i n  A a t  th > 40 min. i n  Ferrovac 
I 

I "ET1 a r e  caused by p inn ing  can be shown by y i e l d  po in t  a n a l y s i s ;  t h a t  

i s ,  measurement of t h e  appearance o r  disappearance of a y i e l d  p o i n t  

under varying load  and unload cyc l e s ,  This was done f o r  t he  Ferrovac 

i "Eva w i t h  r e p r e s e n t a t i v e  r e s u l t s  shown i n  Fig. 8 .  After  a holding 

time of 120 min, ,  a re loaded sample showed t h e  appearance of a pro- 

: nounced upper y i e l d  p o i n t ,  A t  s h o r t e r  t imes  the  y i e l d  po in t  dimin- 
i 
I ished and a t  t imes  l e s s  t han  30 min. w a s  no t  observed on re loading.  

When t h e  load  was complete ly  removed, and t h e n  t h e  specimen re loaded ,  

a y i e l d  p o i n t  w a s  found on ly  a f t e r  h igh  r e l a x a t i o n  t imes ,  i nc lud ing  
C 

t the  th = 40 min, sample. After  a ho ld ing  t ime of 120 min., a spec i -  

men was unloaded and re loaded a f t e r  30 s e c ,  of r eve r se  r e l a x a t i o n  

showing t h e  appearance of a y i e l d  po in t ,  From t h i s  s e r i e s ,  it can  
I 

be pos tu l a t ed  t h a t  t h e  decrease  i n  A a f t e r  a holding t ime of 40 min, 

i s  produced by pinning of mobile d i s l o c a t i o n s  and a low i n i t i a l  r e v e r s e  

r e l a x a t i o n  r a t e ,  Upon load  r e l e a s e ,  t h e  high unbalanced i n t e r n a l  

I s t r e s s  f i e l d  causes  unpinning,  t h u s  addiqg d i s l o c a t i o n s  t o  t h e  r e l a x a -  

( t i o n  process  and r e s u l t i n g  i n  t h e  p o s i t i v e  dev ia t ion  (m ) 0 )  of Fie .2 .  

1 I n  the  th = 120 min. sample, unpinning d i d  not occur  immediately and 
1 
1 a y i e l d  point  was observed on r e load ing .  Reloading a f t e r  a l a r g e  

I 



r e l a x a t i o n  t ime showed t h e  occurrence of  pinning dur ing  r e l a x a t i o n ,  

and was r e l a t e d  t o  t h e  i n h i b i t i o n  of d i s l o c a t i o n  motion by accumula- 

t i o n  of  an  atmosphere du r ing  s t a g e  11, 

The d i s l o c a t i o n  c o n f i g u r a t i o n  cfr iaracter is t ic  of 107; s t r a i n  con- 
( 1 )  

sists mostly of t ang led  networks, as shown by Keh and Weissmann 

The s i z e  and d e n s i t y  of  t h e  networks depends upon the  s t r a i n  r a t e  

and, as i n d i c a t e d  by M i ~ h a l a k ' ~ ) ,  t h e  f a s t e r  t h e  r a t e  t h e  l e s s  t ime 

t h a t  is  a v a i l a b l e  f o r  dynamic recovery  by c r o s s  g l i d e  and t h e  lower 

t h e  t a n g l e  d e n s i t y ,  I n  t h e  presen t  work, a comparatively high r a t e  

was used (0 ,157 mino- ' )  t o  achieve a non-equil ibrium d i s l o c a t i o n  

s t r u c t u r e  p r i o r  t o  t h e  forward r e l a x a t i o n  cyc l e ,  During t h e  holding 

per iod,  where t h e  s t r a i n  r a t e  is  much lower,  n f r e e w  d i s l o c a t i o n s  ~~111 

migra te  t o  t h e  t a n g l e  regions  and t,he d i s l o c a t i o n s  w i t h i n  t h e  t a n g l e s  

w i l l  r e o r i e n t  t o  a  more s t a b l e  con f igu ra t ion ,  t h e  r e l a t i v e  r a t e s  depend- 

i ng  on t h e  ea se  of movement through t h e  l a t t i c e  and c ros s  g l i d e ,  This 

r e d i s t r i b u t i o n  i s  manifes ted mainly as a c h a n ~ e  i n  t h e  A parameter,  I n  

Ferrovac "En, t h e r e  is  a n  inc rease  i n  A i n d i c a t i n g  t h a t  t h e  t lfreerT 

d i s l o c a t i o n s  move i n t o  t h e  high s t r e s s  t a n , ~ l e  r e g i o n s  r a i s i n g  Nm and 

the  d r i v i n g  force,  r , s imul taneously ,  r e s u l t i n g  i n  a higher  r e l a x a t i o n  

r a t e ,  The o b s e r v a t i o n  t h a t  A i n c r e a s e s  up t o  a  comparatively long 

ho ld i rg  time of 40 min, i n d i c a t e d  t h a t  rearrangement of t h e  d i s l o c a -  

t i o n s  w i t h i n  t h e  t a n g l e  w a s  a  major c o n t r i b u t o r  t o  r a i s i n g  T and 

perhaps Nm by double c r o s s  g l i d e  w i t h i n  t h e  t ang le .  

The decrease  i n  A a f t e r  40 min. is a r e s u l t  of a  decrease  i n  Nm 

by pinning as p rev ious ly  shown, This can occur by e i t h e r  d i f f u s i o n  

of carbon atoms t o  t h e  t a n g l e  s i t e s  ( s t r a i n  ag ing )  o r  by inc reased  



t a n g l i n g  and immobil izat ion by t h e  c r o s s  g l i d i n g  segments, The 

r e s u l t s  of t h e  700 ppm C-iron samples a r e  of i n t e r e s t  on t h i s  

I p o i n t ,  It would be expected t h a t  fo rmat ion  o f  a  carbon atmosphere 

' * would occur  a t  l e a s t  a s  r a p i d l y  a s  i n  t h e  Ferrovac "Ett, but  it 

I w a s  found t h a t  a decrease  i n  A and r eve r se  unpinning d i d  not 

! appea r  u n t i l  a f t e r  a much l o n g e r  ho ld ing  time. The observa t ions  

t h a t  t h e  a b s o l u t e  magnitude of A a t  t h e  onset  of  forward pinning 

i s  abou t  t h e  same i n  both  m a t e r i a l s  and t h a t  mh i s  l e s s  p o s i t i v e  

i n  t h e  high carbon i r o n  (low A )  i n d i c a t e s  t h a t  both t h e  s t r e s s  

c o n c e n t r a t i o n  w i t h i n  t h e  t a n g l e  and t h e  a b i l i t y  t o  c r o s s  g l i d e  

have a n  i n f l u e n c e  on t h e  pinning c h a r a c t e r i s t i c s ,  Apparently, 

ca rbon  a c t s  t o  r e s t r i c t  c r o s s  g l i d e  r e s u l t i n g  i n  t h e  slow immigra- 

t i o n  of  d i s l o c a t i o n s  t o  t h e  t a n g l e  and r e d i s t r i b u t i o n  of d i s loca -  

t i o n s  w i t h i n  t h e  t a n g l e ,  It must t h e n  take  longe r  t o  b u i l d  up t h e  

d r i v i n g  f o r c e  f o r  r e d i s t r i b u t i o n  of  t h e  tang led  d i s l o c a t i o n s  and 

subsequent  pinning,  The f u n c t i o n  of t h e  carbon i n  t h e  t a n g l e  would 

appear  t o  be t h e  r e s t r i c t i o n  of t h e  c r o s s  g l i d e  necessary f o r  

d i s l o c a t i o n - d i s l o c a t i o n  pinning as  w e l l  a s  atmosphere pinning,  It 

i s  not c e r t a i n  a t  t h i s  time t h a t  carbon pinning i s  no t  i n f l u e n c i n g  

t h e  d a t a ;  t h e  p o s s i b i l i t y  e x i s t s  t h a t  t h e  d i s l o c a t i o n s  a r e  a l r e a d y  

s a t u r a t e d  a t  low t i n  t h e  h igh  C m a t e r i a l  and therefore  no discon- h  
t i n u i t y  i n  A would b e  observed,  The o n s e t  of r eve r se  unpinning 

1  
( s t a g e  I ) could merely be dependent on t h e  bu i ldup  of a l a r g e  

enough d r i v i n g  f o r c e ,  One exper imenta l  f i n d i n g  t h a t  sugges t s  t h e  

occur rance  of carbon pinning i s  t h e  onse t  of s t a g e  1' a t  about t h e  

same hold ing  time a t  which t h e  va lue  of m i n  s t a g e  I1 dec reases ,  



0 

The o b s e r v a t i o n  t h a t  A does  not  become nega t ive  i n  t h e  decarbur ized  

samples does  not n e c e s s a r i l y  i n d i c a t e  t h a t  @arbon i s  necessary f o r  

p inning.  S ince  c r o s s  g l i &  i s  extremely e asy i n  t h i s  m a t e r i a l ,  no 

F"freen d i s l o c a t i o n s  e x i s t  a f t e r  t h e  load ing  cyc l e  and t h e  d i s loca -  

t i o n s  a r e  a l r e a d y  p r e s e n t  i n  t h e  h i g h l y  tang led  s t a t e  t h a t  o t h e r  

m a t e r i a l s  approach on ly  a f t e r  a prolonged holding per iod ,  This i s  

a l s o  i n d i c a t e d  by t h e  i n s e n s i t i v i t y  of 1 t o  holding time. The 

uniformly low va lue  of A a t t e s t s  t o  t h e  l i m i t e d  number of mobile 

d i s l o c a t i o n s ;  a l s o ,  t h e  low value o f  m i n  s t a g e  I shows t h e  r e l a t i v e  

ease  of t a n g l i n g .  

I r r a d i a t i o n  E f f e c t s  

The e f f e c t s  of i r r a d i a t i o n  on t h e  forward and r e v e r s e  processes  

suggest  s e v e r a l  important  a s p e c t s  of  t h e  damage, The high value of 

A ob ta ined  p r i o r  t o  t h e  holding pe r iod  i n d i c a t e s  t h a t  t h e  number of 

"f reeTt  d i s l o c a t i o n s  a b l e  t o  c o n t r i b u t e  t o  reverse  r e l a x a t i o n  i s  

i n i t i a l l y  h igh ,  Such would be t h e  case  i f  t h e  d i s l o c a t i o n  networks 

were c onf ined  t o  more l o c a l i z e d  a r e a s  t h a n  i n  t h e  homogeneous a r r a y s  

u sua l ly  found,  and t h a t  t he se  networks were i n  a comparatively 

untangled s t a t e  s o  t h a t  both  t he  d r i v i n g  f o r c e  f o r  r eve r se  f l ow and 

N, a r e  l a r g e .  This  would be similar i n  e f f e c t  t o  the  c o n f i g u r a t i o n s  

i n  c e r t a i n  FCC and HCP meta ls  where d i s l o c a t i o n  pi le-up is common 

and r eve r se  movement ea sy ,  To accomplish  t h i s ,  t h e  i r r a d i a t i o n  

damage must r e s t r i c t  s l i p  t o  a lower number of s l i p  systems and 

reduce c r o s s  g l i d e ,  The decreased tendency f o r  t a n g l i n g  i s  i n d i c a t e d  

by t h e  approach of s t a g e  I t o  a l o g a r i t h m i c  r e l a x a t i o n .  This t ype  

of behavior  i s  supplemented by obse rva t ions  of Chow 
(17) 

t h a t  s l i p  



B i  nes on t h e  s u r f a c e  of i r r a d i a t e d  ''Eft a r e  s t r a i g h t e r ,  more pronounced, 

and more widely  spaced than  those  i n  u n i r r a d i a t e d  "Eve The loga r i t hmic  

inc rease  i n  A at holding t imes ( 1 mino a l s o  i n d i c a t e s  a s i m i l a r i t y  t o  

t h e  "pile-upw behavi o r ,  a l though  subsequent i n t e r a c t i o n s  i n  t h e  h igh  

s t r e s s  reg ions  qu ick ly  r eve r se  t h e  t r e n d ,  The second e f f e c t  of t h e  

damage appears  t o  be t h e  removal of carbon from t h e  l a t t i c e ,  probably 

by carbon-defect  p a i r s ,  as proposed by F u j i t a  and Damask 
(18 1 

This 

i s  i n d i c a t e d  by t h e  absence of s t a g e  I1 pinning a f t e r  a 1 min, holding 

time, The h igh  nega t ive  va lues  of m obta ined  i n i t i a l l y  i n  s t a g e  I1 

must be a r e s u l t  of movement of  t he  " f r e e n  d i s l o c a t i o n s  over compara- 

t i v e l y  l a r g e  d i s t a n c e s  through t h e  damage and deformation ??debr is ,  Tr 

After t he  1 min, de l ay ,  t h e  d i s l o c a t i o n s  had moved i n t o  t h e  l o c a l  

con f igu ra t ion  and on ly  s h o r t  range motion occurred dur ing  r e v e r s e  

s t r a i n ,  It is a l s o  p o s s i b l e  t h a t  t h e  ?'debris1' becomes absorbed by 

the  i r r a d i a t i o n  d e f e c t s ,  The absence of forward pinning could be 

a t t r i b u t e d  t o  e i t h e r  i n h i b i t i o n  of c r o s s  g l i d e  o r  by removal of  t h e  

carbon, 

Work i s  p r e s e n t l y  i n  p rogress  concerning t h e  e f f e c t s  of tempera- 

t u r e  on t h e  forward and. r e v e r s e  mechanisms proposed i n  t h e  preceding 

d i scuss ion ,  Although on ly  a sma l l  amount of d a t a  is  a v a i l a b l e ,  it i s  

becoming apparent  t h a t  t h e  r eve r se  r e l a x a t i o n  is moving towards para- 

bol ic  behavior  a t  lower t e s t  t e m ~ e r a t u r e s ,  showing a decreased tendency 

f o r  t ang l ing  o r  c r o s s  g l i d e ,  



Combination forward r e l axa t ion - r eve r se  r e l a x a t i o n  t e s t s  have 

been run on samples of Ferrovac "EV i r o n ,  i r r a d i a t e d  Ferrovac 

"En, deca rbu r i zed  i r o n ,  and iron-700ppm C a t  300°K and 0 ,10 s t r a i n ,  

The f i n d i n g s  a r e  as fo l lows :  

1) The r e v e r s e  r e l a x a t i o n  d a t a  were p l o t t e d  according t o  t h e  

gene ra l  c reep  equa t ion ,  i( = A t R  ) . Two s t a g e s  were noted, 

s t a g e  I < 1 min, and s t a g e  I1 ) 2 min, Both provided a nega t ive  

value f o r  m i n d i c a t i n g  a h igh  r a t e  of removal of mobile d i s loca -  

t i o n s ,  

2 )  S tage  I w a s  a s s o c i a t e d  wi th  r e v e r s e  t a n g l i n g  of  d i s l o c a t i o n s ,  

The r e s u l t s  of  Ferrovac "ETt, deca rbu r i zed  i r o n ,  and 700ppm C-iron 

f e l l  w i t h i n  a small range of m(-,2 > m > - 0 3 6 ) ,  although decarbur i -  

za t ion  produced t h e  lowes t  values ,  -,,36, i n d i c a t i n g  an  inc rease  i n  

t a n g l i n g  tendency,  I r r a d i a t i o n  r e s u l t e d  i n  an approach t o  loga- 

r i thmic  behavior  ( m  = 0 )  and i n h i b i t i o n  of c ros s  g l i d e  and t a n g l i n g ,  

3 )  Stage  I1 was a s s o c i a t e d  wi th  p inn ing  by a carbon atmosphere, 

Decarbur iza t ion  r e s u l t e d  i n  l o g a r i t h m i c  behavior dur ing t h i s  cyc l e  

o f  r e l a x a t i o n  and 700ppm C caused lower  rn (more nega t ive )  t h a n  found 

i n  Ferrovac ltETT, I r r a d i a t i o n  a g a i n  r e s u l t e d  i n  logar i thmic  behavior  

i n d i c a t i n c  removal of carbon from t h e  l a t t i c e  by format ion of carbon- 

defec t  p a i r s ,  

4 ) Forward r e l a x a t i o n  involved movement of  t?f reelT d i s l o c a t i o n s  

i n to  t ang led  networks and r e d i s t r i b u t i o n  of t h e  d i s l o c a t i o n s  i n  

t ang le .  Pinning of t h e  d i s l o c a t i o n s  i n  t a n g l e  reduced A and occurred 



by d i s l o c a t i o n - d i s l o c a t i o n  and carbon atmosphere ( s t r a i n a g i n g )  

i n t e r a c t i o n s ,  Unpinning took p l ace  dur ing  t h e  r e v e r s e  cyc l e  

( s t age  I' 1. The presence  of pinning produced dur ing forward and 

I 
' reverse  r e l a x a t i o n  was d e t e c t e d  by y i e l d  po in t  a n a l y s i s ,  

1 5 )  The e f f e c t  o f  ca rbon  a d d i t i o n  on forward r e l a x a t i o n  seemed 

t o  be i n h i b i t i o n  of c r o s s  g l i d e  r a t h e r  t h a n  atmosphere p inn ing ,  
! 
I 6 )  The d i s l o c a t i o n  con f igu ra t ion  produced dur ing  t h e  load ing  

t cycle  i n  i r r a d i a t e d  i r o n  appeared t o  have a h igher  number of mobile 

I d i s l o c a t i o n s  and a lower  degree of t a n g l i n g  t h a n  i n  u n i r r a d i a t e d  
I 

j i r o n ,  A s  mentioned i n  ( 2 )  t h i s  r e f l e c t s  r e s t r i c t e d  c ros s  g l i d e  

and o p e r a t i o n  of a l i m i t e d  number of s l i p  systems,  
t 

Thi s  t e s t i n g  technique  shows g r e a t  promise f o r  s e p a r a t e  s tudy  

I of t h e  v a r i o u s  c o n t r i b u t o r s  t o  forward r e l a x a t i o n  and f o r  movement 

of d i s l o c a t i o n s  through t h e  l a t t i c e  under c o n t r o l l e d  t e s t i n g  con- 
i 

I d i t i o n s  and s t r u c t u r a l  changes. 
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Figure  Capt ions  

Figure 1 - Reverse r e l a x a t i o n  d a t a  f o r  Ferrovac "En showing 
d e v i a t i o n s  from loga r i t hmic  b ehavior ,  The " i n i t i a l w  
s lope  i n c r e a s e s  f o r  holding t imes up t o  20 minutes 
t h e n  dec reases ,  The dec rease  i n  s lope  co inc ides  wi th  
a changeover from nega t ive  t o  p o s i t i v e  d e v i a t i o n  
a l though t h e  f i n a l  s t age  i n  a l l  r e l a x a t i o n  curves  i s  
a nega t ive  d e v i a t i o n ,  

Figure  2 - The d a t a  o f  Fig. 1 r e p l o t t e d  as log 2 R  ( m - 1 )  l o g  tR. 
Two s t a g e s  of r e l a x a t i o n  a r e  noted f o r  holding t imes  
up t o  20 min,: s t a g e  I < 1 min,,  s t a g e  I1 ) 2 min, The 
curves  a r e  approximately p a r a l l e l  i n  t h e  two s t ages ,  
t h e  r e l a t i v e  displacement being dependent on t h e  para-  
meter A i n  j~ = A t R  The va lues  of rn i n  t h e  two 
r eg ions  a r e  negat ive  showing t h e  dev ia t ion  i n f e r r e d  i n  
Fig.1. For holding t imes Z 40 min., rn becomes p o s i t i v e  

1 i n  t h e  f i r s t  s t a g e  ( s t a g e  1 ) ,  then t h e  curves  become 
p a r a l l e l  t o  s t a g e  I1 of t h e  lower  holding t ime curves ,  
A l l  t h r e e  s t a g e s  a r e  p r e s e n t  i n  t he th = 120 min. curve. 

Figure  3 - E f f e c t s  of d e c a r b u r i z a t i o n  on t h e  c h a r a c t e r i s t i c  reverse  
r e l a x a t i o n  curve ,  I n  s t a g e  I m i s  s l i g h t l y  lower t han  
t h a t  of  t h e  Ferrovac ??En, and s t age  I1 becomes l o g a r i t h -  
mic showing t h e  dependence o f  t he  l a t t e r  s t a g e  on carbon, 
A i s  independent of holding t ime,  

Figure 4 - E f f e c t s  of excess  carbon,  Stages  I and I1 a r e  similar 
t o  t hose  of t h e  Ferrovac "Ett, except t h a t  t he  onse t  of 
s t a g e  I1 is  delayed.  The p o s i t i v e  dev ia t ion  (m > 0 )  
occurs  a f t e r  a much l o n g e r  holding time. 

Figure 5 - I r r a d i a t i o n  of Ferrovac "EV produces logar i thmic  b ehavior  
i n  b o t h a a  e s  I and 11, There is  a l a r g e  i n i t i a l  

( t h  < 1 min 7 nega t ive  d e v i a t i o n  i n  s t age  I1 which qu ick ly  
d i sappea r s ,  

Figure 6 - Summary cu rves  f o r  v a l u e s  of m. Ferrovac '?En, decar-  
bur ized  i r o n ,  and 700ppm C-iron have approximately the  
same v a l u e s  of m i n  s t a g e  I, t h e  decarbur ized samples 
being lowes t ,  The onse t  of p o s i t i v e  m occurs  much sooner  
i n  Ferrovac "Ew t han  i n  t h e  700ppm C m a t e r i a l ,  and no 
p o s i t i v e  d e v i a t i o n  i s  noted f o r  e i t h e r  decarbur ized o r  
i r r a d i a t e d  samples ,  The v a l u e s  of rn f o r  s t a g e  I1 a r e  
lower t h a n  t h o s e  of s t a g e  I except f o r  t h e  decarbur ized 
samples i n  which  m approaches zero i n  the  s econd s t a g e .  
The lowest  va lues  of m were obta ined i n  t h e  i r r a d i a t e d  
and annealed samples, 



Figure  7 - Summary cu rves  f o r  v a l u e s  of A ,  Ferrovac ??En and 
700ppm C-iron dev i  a t e  p o s i t i v e l y  from t h e  r e l a t i o n ,  
A = c l n t h ,  t h e  former showing t h e  l a r g e s t  dev ia t ion ,  
The r e s u l t s  of t h e  decarbur ized  samples a r e  inde- 
pendent of  holding t ime,  and t h e  abso lu t e  magnitude 
of A i s  low, I n  t h e  Ferrovac "EW samples, A decreases  
a t  holding t imes  > 40 min, The magnitude of A i n  
t h e  i r r a d i a t e d  samples i s  h i g h e s t ,  b u t  comparatively 
independent of holding t i m e ; - - a t  tfrnes < 1 min, 
A i n c r e a s e s  l o g a r i t h m i c a l l y ,  t h e n  decreases  s l i g h t l y  
a f t e r  1 rnin, 

F igu re  8 - Yield p o i n t  a n a l y s i s  of Ferrovac t tEno (a)  Reloading 
a f t e r  a holding t ime of 120 mino produced a y i e l d  
po in t ,  bu t  none appeared a f t e r  the  s h o r t  time o f  
20 s e c ,  ( b )  A f t e r  r e l e a s i n g  the  l oad ,  a y i e l d  po in t  
w a s  found a f t e r  a r e v e r s e  r e l a x a t i o n  of 50 mino ( c )  
A y i e l d  po in t  was found a f t e r  a reverse  r e l a x a t i o n  
of 30 s e c ,  i n  t h e  th = 120 min, sample, Subsequent 
unloading and r e l o a d i n g  produced a y i e l d  point  only  
a f t e r  a prolonged r e v e r s e  r e l a x a t i o n  t ime,  
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