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The anneal ing  k ine t i cs  of d is locat ion  loops has been cons idered  f rom cl imb theory based on a 
model  involving vacancy  diffusion as the ra te  cont ro l l ing  m e c h a n i s m .  The theory has been  ap-  
pl ied to fcc meta l s  of high, in te rmedia te ,  and low s tacking fault ene rgy  to de t e rmine  both the 
i n t r i n s i c  and ex t r i n s i c  fault  energy  using t r a n s m i s s i o n  e lec t ron  mic roscopy .  Rel iable  va lues  
a r e  obtained f rom me ta l s  with Y > 70 e rg  pe r  sq cm but for low 7 m e t a l s  the ra te  cont ro l l ing  
m e c h a n i s m  is shown to be one of jog nuclea t ion  and propagat ion r a t h e r  than vacancy diffusion.  
The technique of loop annea l ing  is also shown to be appl icable  to hcp meta l s  such as zinc,  
magnes ium,  and cadmium,  even when the foil su r f aces  act as vacancy  sou rce s .  Results  of 
loop shr inkage  and loop growth a re  analyzed to provide  fault  energy  va lues  for those me ta l s  
with hcp s t ruc tu r e .  

FOR a detailed understanding of the mechanical and 
physical behavior of metals it is necessary to have a 
precise knowledge of the absolute and relative energies 
of interfaces, such as surfaces, grain boundaries, and 
stacking faults. In recent years a number of techniques 
for evaluating the stacking fault energy, 7, of metals 
have been developed, based on electron microscope 
observations of defects containing stacking faults. 
Methods using measurements of extended dislocation 
configurations such as nodes and extrinsic-intrinsic 
fault pairs are confined to low fault energy materials, 
since it is only for these materials that the disloca- 
tion extension is large enough to measure. Results 
have therefore been restricted to silver of the pure 
metals, and alloys for which 7 < 20 erg per sq cm. 
All the analyses so far used to relate the shape of a 
node to a value of 7 have involved considerable approx- 
imations and the assumption, difficult to test, that the 
configuration is in equilibrium. Extrinsic-intrinsic 
fault pairs only give relative energy values and, like 
nodes, are subject to possible solute segregation ef- 
fects. Another  method based  on the s i zes  of s tacking  
fault  t e t r a h e d r a  and Frank  loops obse rved  in de formed  
m a t e r i a l s  has been applied by Loret to  e t  a l .  ~ to me ta l s  
of s l ight ly  higher  fault  energy,  but more  r ecen t  r e su l t s  
obtained by Beeston e t  a l .  2 show that the t e t r ahed ra  
method gives  values  which a r e  cons i s t en t ly  lower than 
the t rue  value and not in ve ry  good ag reemen t  with 
those ob ta ined  f rom node obse rva t i ons .  None of the 
above methods  is appl icable  e i the r  to high s tacking 
fault  ene rgy  m a t e r i a l s  or  to a wide range  of fault e n -  
e rg i e s .  However,  a recen t  method involving the s tudy 
of the k ine t i cs  of faulted loop anneal ing ,  in i t ia l ly  pointed 
out by Edington and Smal lman  a and developed by Dobson 
and Smal lman ,  4 is p a r t i c u l a r l y  appl icable  to i n t e r m e d i -  
ate and high ~ m a t e r i a l s  and po ten t ia l ly  useful  over  a 
wide range  of fault  ene rg i e s .  

In the p r e s e n t  paper  the k ine t i cs  of d is locat ion  loop 
annea l ing  have been examined  for high, in te rmedia te ,  
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and low stacking fault energy metals to illustrate the 
general usefulness of quantitative rate measurements 
in obtaining intrinsic and extrinsic energies. 

I) ANNEALING ANALYSIS 
(PERFECT SINK CONDITIONS) 

It has been convincingly demonstrated that for inter- 
mediate and high stacking fault energy materials at 
least, the rate of dislocation loop annealing is deter- 
mined by the rate of diffusion of vacancies away from 
the loop rather than the emission of vacancies at the 
loop itself. In a thin metal foil the annealing rate of a 
loop will therefore depend on the vacancy concentra- 
tion gradient developed between the loop and the sur- 
face of the foil. s Providing that the foil surface acts 
as a perfect vacancy sink the vacancy concentration 
at the surface is equal to the equilibrium vacancy con- 
centration co and that in equilibrium with the disloca- 
tion loop is given by 

C L = C o e x p  ( A F / K T )  [1] 

where AF is the change in the free energy  of the defect 
conf igurat ion pe r  vacancy  emi t ted  (= d E / d n )  at the 
t e m p e r a t u r e  T. 

For a s ingle ,  i n t r i n s i ca l l y ,  faulted c i r c u l a r  d i s loca -  
tion loop of rad ius  r the total  energy  of the defect  E 
is given by s 

E : (3rGbf/4){ln (8r/b) - (9 '8)} + ~rfy, [2] 

where G is the shear modulus, b the Burgers vector, 
and 7~ the intrinsic stacking fault energy. In the case 
of a large loop (r > 5004) in a material of intermedi- 
ate or high stacking fault energy (r > 60 erg per sq 
cm) the term involving the dislocation line energy is 
negligible compared with the stacking fault energy 
term and thus AF is simply given by 

A F :  yIB 2 [3] 

where B 2 is the cross sectional area of a vacancy in 
the (III)plane. For large loops the diffusion geometry 
approximates to cylindrical diffusion and a solution of 
the time independent diffusion equation (Afc= 0) gives 
for the annealing rate, 

d r / d l  = - [2nD/b In (L/b)] [exp ( ~ I B f / K T )  - 1] [4] 

where D = Do exp ( -  U D / K T  ) is the coeff icient  of se l f -  
diffusion and L is half  the foil th ickness .  The annea l -  
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ing r a t e  of a p r i s m a t i c  d i s l o c a t i o n  loop can be s i m i l a r l y  
d e t e r m i n e d ,  in th is  case  AF is  d e t e r m i n e d  so l e ly  by 
the l ine  ene rgy ,  

d r / d t  = - [27rD/b In (L/b)]  ( a b / r )  [5] 

where  the t e r m  conta ining the d i s loca t ion  l ine e n e r g y  
has  been  a p p r o x i m a t e d  to a b / r .  In  pr inc ip l e  Eq. [4] 
a f fo rds  a d i r e c t  d e t e r m i n a t i o n  of the s t ack ing  faul t  e n -  
e r g y  ~ by  d i r e c t  subs t i tu t ion ,  but  s ince  U D ~ 1.3 ev in 
a l u m i n u m  c o m p a r e d  with y B  2 ~ 0.1 ev this  method is  
unduly s ens i t i ve  to s m a l l  e r r o r s  in U D. This d i f f i cu l ty  
is  e l i m i n a t e d  by a c o m p a r a t i v e  method 5 in which the 
annea l ing  r a t e  of a faul ted loop is c o m p a r e d  to that  of 
a p r i s m a t i c  one at  the s a m e  t e m p e r a t u r e .  

By s l i gh t ly  r e w r i t i n g  Eq. [5] and combining i t  with 
Eq. [4] an e x p r e s s i o n  for  the s t ack ing  fault  ene rgy  is  
ob ta ined  independent  of the coef f ic ien t  of se l f  d i f fus ion,  

2ab  [ d r / d t ] F  / [ d ( r 2 ) / d t ] p  = {exp ( T B 2 / K T )  - 1} [6] 

In add i t ion  to p r i s m a t i c  and s ing le  faul ted d i s l o c a t i o n  
loops ,  double  faul ted  loops  have a l so  been  o b s e r v e d  in 
a n u m b e r  of quenched fcc m e t a l s .  3'7-9 Such a defec t  
c o n s i s t s  of a r eg ion  of e x t r i n s i c a l l y  faul ted  m a t e r i a l  
f o r m e d  by  vacancy  condensa t ion  on two a l t e rna t e  p l a n e s  
which i s  bounded by second  loop of i n t r i n s i c a l l y  fau l ted  
m a t e r i a l .  It is  o b s e r v e d ,  s e e  s ec t ion  2, that  on a n n e a l -  
ing, the i n t r i n s i c  loop f i r s t  s h r i n k s  unti l  i t  mee t s  the  
i nne r  e x t r i n s i c a l l y  faul ted  r e g i o n  which then s h r i n k s  
a s  one e x t r i n s i c a l l y  faul ted  loop.  The r a t e  of annea l ing  
of th i s  e x t r i n s i c  faul t  has  been  d e t e r m i n e d  in a s i m i l a r  
way to Eq. [4],  the s l igh t  n u m e r i c a l  d i f f e r ences  a r i s i n g  
f rom the  fact  that  two v a c a n c i e s  need to be emi t t e d  to 
reduce the fault area by B z, giving AF = ~EBZ/2 and 
twice as many vacancies have to diffuse to the surface 
to give the same decrease in radius as for a single 
fault, giving rise to the additional factor of two in the 
preexponential. Thus, the annealing rate for a double 
extrinsically faulted loop is given by 

d r / d !  = - [ y D / b  In (L/b)]  [exp ( Y E B 2 / 2 K T )  - 1] [7] 

and the e x t r i n s i c  s t ack ing  faul t  ene rgy  may  be d e t e r -  
mined  d i r e c t l y  by combining  Eq. [7] with Eq. [5] o r  
[6].  

The t r e a t m e n t  out l ined  above  for  the anneal ing  of 
l a t t i c e  de fec t s  under  d i f f u s i o n - c o n t r o l l e d  condi t ions  is  
of g e n e r a l  app l i cab i l i t y .  It has  r e c e n t l y  been ex tended  ~~ 
to the annea l ing  behav io r  of s m a l l  voids  of r ad iu s  r 
when the c o r r e s p o n d i n g  r a t e  equat ion is  given by  

d r / d t  = - ( D / r ) [ e x p  ( 2 ~ r s / r K T )  - 1] [8] 

whe re  Ss is  the s u r f a c e  e n e r g y  and ~2 the a tomic  v o l -  
ume.  

2) MATERIALS WITH INTERMEDIATE AND 
HIGH STACKING F A U L T  ENERGIES 

In m e t a l s  with i n t e r m e d i a t e  and high fault  e n e r g i e s  
the c l imb  behav io r  is  domina ted  by the fo rce  due to the 
faul t ,  and hence the annea l ing  r a t e  of a faul ted loop can 
be m e a s u r e d  to e s t i m a t e  the s t ack ing  fault  ene rgy  u s -  
ing the d i f f u s i o n - c o n t r o l l e d  r a t e  equat ions .  In p r i n c i p l e  
the  annea l ing  behav io r  of o the r  l a t t i ce  de fec t s  can be  
fo l lowed to p rov ide  an e s t i m a t e  of the d r iv ing  f o r c e  
f r o m  the p r o c e s s ,  p r o v i d e d  the di f fus ion g e o m e t r y  is  
su f f i c i en t ly  wel l  def ined to deve lop  a meaningful  r a t e  
equat ion .  To i l l u s t r a t e  the a p p l i c a b i l i t y  of the method  

a s y s t e m a t i c  s tudy  of the anneal ing  k i n e t i c s  of s ing le  
loops ,  double l oops ,  and voids  has been  made  for  the 
ca se  of a luminum where  the foil  s u r f a c e  ac t s  as  an 
ef f ic ient  va c a nc y  s ink.  F ig .  1 shows t y p i c a l  r a d i u s -  
t ime  cu rves  for  t h e s e  t h r e e  d i f fe ren t  l a t t i c e  de fec t s .  
In g e n e r a l  it  is  not  n e c e s s a r y  to make  m e a s u r e m e n t s  
a t  s m a l l  r v a l u e s ,  s e e  Eqs.  [4], [7], and [8], but these  
a r e  included in F ig .  1 for  c o m p l e t e n e s s ,  and to show 
tha t  for  loops ,  the  d i s loca t ion  l ine t e n s i o n  and di f fu-  
s ion  g e o m e t r y  c a u s e  a devia t ion  in the n o r m a l  l i n e a r  
r e l a t i o n s h i p .  

To obta in  a c c u r a t e  m e a s u r e m e n t s  i t  is  n e c e s s a r y  to 
c a r r y  out s e q u e n t i a l - a n n e a l i n g  t r e a t m e n t s  ou ts ide  the 
m i c r o s c o p e  in a t e m p e r a t u r e - c o n t r o l l e d  o i l  bath;  Fig .  
2 shows F r a n k  loops  anneal ing  at  140~ Because  
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Fig .  1 - -Annea l ing  c u r v e s  fo r  quenched  a l u m i n u m  conta in ing  
(a) F r a n k  loops  at 175~ (b) double loop at 170~ and (c) 
void at 175~ 
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Fig. 2--Annealing 
of Frank loops in 
quenched am~ainum 
at 140~ (a) t = 0 
min; (b) t=  12 min; 
(c) t = 24 rain; (d) 
t = 30 min. 
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Fig. 3--A plot of the annealing rates for prismatic loops (P) 
and Frank loops (F) as a function of temperature. 

faul ted loops anneal  much f a s t e r  than p r i s m a t i c  loops 
it is not ea sy  to m e a s u r e  a sh r inkage  ra te  for  both 
faul ted and p r i s m a t i c  loops at the s a m e  t e m p e r a t u r e .  
It is p o s s i b l e  however ,  to annea l  many loops at a s e -  
r i e s  of t e m p e r a t u r e s  and ex t r apo la t e  the r e su l t s  to a 
common  t e m p e r a t u r e .  P r i s m a t i c  loops were  t h e r e f o r e  
annea led  at  170 ~ 180 ~ 190% and 200~ and faul ted 
loops at 130 ~ 135 ~ 140 ~ 145 ~ and 150~ The r a t e s  
of sh r inkage  were  obtained f r o m  l inea r  plots  of r vs t 
for  faul ted loops and r 2 vs t fo r  p r i s m a t i c  loops,  and 
in al l  c a se s  the r a t e s  were  r ep roduc ib l e  within about 

10 pct  at the s a m e  t e m p e r a t u r e .  The ex t rapo la t ion  to 
a common t e m p e r a t u r e  (160~ was made  f r o m  a loga-  
r i t h m i c  plot  of the r a t e s ,  as  shown in Fig .  3. Using the 
r a t e s  m e a s u r e d  f r o m  the plot  7~ was ca l cu la t ed  f rom 
Eq. [6] and found to be 135 • 20 e rg  p e r  sq  cm.  To ob-  
tain the e x t r i n s i c  fault  ene rgy  the anneal ing behavior  
of double- fau l ted  loops,  which a re  known to contain an 
e x t r i n s i c  fault ,  can be s tudied.  In gene ra l ,  it is ob-  
s e r v e d  that on anneal ing,  the outer  i n t r i n s i c a l l y - f a u l t e d  
loop shr inks ,  and the inner  loop grows s l ight ly  by v a -  
cancy absorp t ion  unti l  they at tain e l a s t i c  equ i l i b r ium.  
Fu r the r  anneal ing then r e s u l t s  in the double loop 
shr inking  at a r educed  ra te .  Compar i son  of the ra te  
of shr inkage  of the inner  double loop with the ra te  for  
an i so la ted  Frank  loop enables  7E to be ca lcu la ted .  
For  a luminum a va lue  of 180 e rg  p e r  sq cm has 
been obtained.  The value of YE and the r a t io  "FE//T~ 
may a lso  be obtained by compar ing  the r a t e  of s h r i nk -  
age of the outer  loops with that  for the inner  loop when 
it b e c o m e s  a double loop, p rov ided  the ou t e r  loop ra te  
is m e a s u r e d  when it  is not in c lose  p r o x i m i t y  to the 
inner  loop. In th is  ca se  the outer  ( s ing le- fau l ted)  loop 
shr inks  at a s l igh t ly  f a s t e r  ra te  than an i so la t ed  Frank 
loop because  of the diffusion of vacanc i e s  to the inner  
loop and the i n c r e a s e  in ra te  becom es  m o r e  pronounced  
the c l o s e r  the two loops approach each o ther .  

F r o m  the anneal ing  of voids ,  see  Fig.  l (c) ,  the s u r -  
face  ene rgy  Ys may  be obtained d i r ec t l y  f r o m  a plot  of 
in [r(~/D) + 1] vs  i / r  using the s lope of th is  graph,  
p rov ided  D is known. Fig. 4 shows such a graph ob-  
ta ined by using the 175~ data of Fig. l (c)  t oge the r  
with a value  of D = 4.5/~ 2 p e r  sec  obtained f r o m  the 
anneal ing of p r i s m a t i c  loops;  it can be s e e n  that  the 
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Fig .  4 - - P l o t  of In [r(~/D) + 1] v s  1/r  for  175~ da t a  g iven  in 
Fig. 1 (c). 

data obey a reasonably  good l i n e a r  re la t ionship .  F r o m  
the s lope of the curve a value of 7s = 1045 erg  pe r  sq 
cm is obtained.  The r e su l t s  f rom s i m i l a r  ana lyses  
c a r r i e d  out on other  data de r ived  from anneal ing voids 
in the t e m p e r a t u r e  range  150 ~ to 200~ give an ave rage  
value for 7s of 1140 • 200 e rg  pe r  sq era. In al l  ca ses ,  
the appropr ia te  value of D has been obtained f rom thin 
foil p r i s m a t i c  loop annea l ing  s tudies ,  see Fig. 7 of the 
paper  by Dobson, Goodhew, and Smal lman.  5 

3) NONPERFECT SINK CONDITIONS 

The ana lys i s  and r e su l t s  p r e sen t ed  in sec t ions  1 and 
2 apply to the case where the foil su r faces  act as p e r -  
fect vacancy  s inks  ( i . e . ,  c s = c o ) .  However, in a n u m -  
be r  of m a t e r i a l s ,  e . g .  zinc,  magnes ium,  AI-1 pct Mg, 
this  condit ion is c l ea r ly  not fulf i l led,  s ince  s i m i l a r  
thin foil  anneal ing  expe r imen t  show that loop growth 
r a t h e r  than loop shr inkage  occu r s .  It has now been  
demons t r a t ed  n that the excess  surface  vacancy concen-  
t r a t i on  n e c e s s a r y  to r e v e r s e  the vacancy flux d i r ec t ion  
to give loop growth a r i s e s  f rom the growth of a thin 
oxide f i lm on the sur face .  In these  meta l s  oxidation 
takes  place at the ox ide - a i r  in te r face  by the t r a n s p o r t  

of meta l  ions through the oxide, and this  flow is m a i n -  
ta ined by the t r a n s f e r  of meta l  a toms into the oxide 
ac ros s  the ox ide -me ta l  in ter face .  Thus,  vacanc ies  a re  
c rea ted  dur ing  oxide growth in the su r f ace  regions  of 
the foil and an enhanced equ i l ib r ium vacancy  concen-  
t r a t ion  is developed.  

F r o m  the point  of view of s tacking faul t  energy  de-  
t e rmina t i ons  by the loop anneal ing  technique,  this  en -  
hanced and i nde t e r mi na t e  sur face  vacancy  concen t r a -  
t ion poses  two p r o b l e m s .  In the f i r s t  p lace  loops a re  
r a r e l y  observed  to shr ink ,  and even in the r a r e  cases  
where this is obse rved ,  p r e s u m a b l y  due to local  c racks  
in the oxide at which vacanc ies  can be annihi la ted ,  it 
cannot be a s s u m e d  that the sur face  vacancy  concen t ra -  
t ion is equal to Co. 

At its s imp le s t ,  this  effect gives r i s e  to a fur ther  
unknown in the annea l ing  ra te  equation.  In an ini t ia l  
study of loop annea l ing  in zinc, Dobson and Smal lman 4 
at tempted to ca lcu la te  the sur face  vacancy  concen t r a -  
t ion f rom a de ta i led  ana lys i s  of faulted loop anneal ing  
curves .  In p r inc ip l e  the acce le ra t ion  of the anneal ing  
ra te  at sma l l  r ad i i ,  due to the i nc r ea s ing  impor tance  
of the l ine energy  t ime,  gives addi t ional  expe r imen ta l  
data f rom which a fur ther  unknown, i . e . ,  C s ,  may be 
calculated.  F r o m  s tudies  on a n u m b e r  of shr ink ing  
loops, it was ca lcula ted  that for the fas tes t  sh r ink ing  
loops the sur face  vacancy concen t ra t ion  was approxi -  
mate ly  equal to Co and the s tacking fault  energy  was 
then de t e rmined  4' TM using the compara t ive  method to 
be 140 erg  pe r  sq era. It was a s sumed  in this  work 
that the annea l ing  p r oc e s s  was e m i s s i o n  cont ro l led  
whereas  it is now known to be diffusion control led .  
Under these diffusion condit ions,  the annea l ing  ra te  at 
sma l l  rad ius  is  inf luenced not only by the l ine energy  
t e r m  but by the changeover  f rom a cy l ind r i ca l  to a 
spher ica l  diffusion geomet ry .  However,  a study of 
this  geomet r i ca l  effect on the annea l ing  ra te  at sma l l  
radi i  shows that  the or ig ina l  ca lcu la t ions  of c s need 
to be rega rded  as an upper l imi t  but s ince  c s ~- Co for 
the fas tes t  loops invest igated,  it can be concluded that 
the inf luence of the changeover  in diffusion geomet ry  
had a negl igible  effect on the s tacking fault  energy  
de te rmina t ion .  

A more  sophis t ica ted  method of d e t e r m i n i n g  s tack-  
ing fault ene rg ie s  in foils whose su r f ace s  a re  acting 
as vacancy s o u r c e s  can be made by ana lyz ing  the 
growth k ine t ics  of double faulted loops in the hexagonal  
meta l s .  In this  case  the p rec ip i ta t ion  of a second layer  
of vacancies  r e m o v e s  the s tacking fault  c rea ted  by the 
prec ip i ta t ion  of the f i r s t  l aye r  and the defect  therefore  
cons is t s  TM of an annulus  of s tacking faul t  su r round ing  
a loop of pe r fec t  ma t e r i a l ,  Fig. 5. Under growth con-  
di t ions it is obse rved  that s tacking fault  is c rea ted  by 
vacancy absorp t ion  at the growing outer  p e r i m e t e r  of 
the loop and is des t royed  at the growing inner  per fec t  
loop. The pe r fec t  reg ions  expands f a s t e r  than the outer  
s tacking fault s ince  the addition of a vacancy  to the 
inner  loop d e c r e a s e s  the energy  of the defect  by 7B z 
whereas  the addi t ion of a vacancy to the outer  loop 
i n c r e a s e s  the ene rgy  by the same amount .  This effect 
is fu r ther  enhanced as the two loops approach each 
other  due to vacancy  t r a n s f e r  f rom the ou te r  to inner  
loops. Eventual ly  the two loops coa lesce  to give a 
per fec t  p r i s m a t i c  loop which cont inues to grow under  
the vacancy s u p e r s a t u r a t i o n .  

Thus three  se t s  of independent data can be obtained 
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t = 0 ra ins .  (a) 

t = 5 m i n s .  ~ )  

t =15 rnins. (c) 

t = 2 5 m i n s .  (d) 

METALLURGICAL TRANSACTIONS 

Fig. 5--The growth 
of single and 
double faulted 
loops in magne- 
sium annealed at 
180~ (a) t = 0 
min; (b) t = 5  min; 
(c) t = 15 min; 
(d) t = 25 min. 

f r o m  anneal ing  s t ud i e s  on a s ingle  double  loop and this  
p r o v i d e s  su f f i c ien t  i n fo rma t ion  to d e t e r m i n e  12 the 
t h r e e  unknowns, 7, Cs, and D. The r a t e  of growth  of 
the inner  and o u t e r  loops  a r e ,  r e s p e c t i v e l y ,  g iven by:  

~'outer = [27;D/B in (L/b)]  [(Cs/Co) - exp ( 7 B ~ / K T ) ]  
[8] 

~'inner = [27rD/B in (L/b)]  [(Cs/Co) - exp ( - - T B 2 / K T ) ]  
[9] 

F o r  a high va lue  of Y, which is  a p p r o p r i a t e  fo r  m a g -  
n e s i u m ,  exp ( -  7 B 2 / K T )  << I and hence  Eq. [9] r educes  
to 

~'inner = - [27rD/B in (L/b)]  (Cs/Co) [10] 

The growth r a t e  of the f inal  p r i s m a t i c  loop is  given by 

$'prismatie = -- [TrD/B In (L/b)]  [(Cs/Co) - 1] [11] 

The m e a s u r e d  g rowth  r a t e s  of the i nne r  loop,  Eq. [10], 
and of the p r i s m a t i c  loop, Eq. [11], a l low the vacancy  
s u p e r s a t u r a t i o n  c s / C o  and the p r e e x p o n e n t i a l  cons tan t  
, r D / B  In (L /b)  to be ca l cu la t ed .  Then, by  subs t i tu t ing  
these  d e t e r m i n e d  va lue s  into Eq. [8] the  s t ack ing  fault  
e n e r g y  was d e t e r m i n e d  to be  125 • 25 e r g  p e r  sq cm 
for  m a g n e s i u m .  

Recent  work  b y  Rozhansk i i  is e t  a L  on the c l i m b  of 
loops  in z inc  has  shown tha t  the nuc lea t ion  and growth 
of an oxide f i lm and i ts  r e l a t e d  vacancy  p roduc t ion  can 
be s topped  by  c h e m i c a l  t r e a t m e n t  of the foi l  s u r f a c e .  
The method  c o n s i s t s  of r e m o v i n g  any oxide  f i lm  r e -  
main ing  a f t e r  e l e c t r o p o l i s h i n g  by i m m e r s i n g  the s p e -  
c imen  in a m m o n i a  and then wett ing the  s u r f a c e  with a 
weak so lu t ion  of m e r c u r o u s  n i t r a t e .  The s u r f a c e  was 
wet ted  by  the m e r c u r y  and a f t e r  a m a l g a m a t i o n  i t  was 
found tha t  d i s l o c a t i o n  loops c o n t r a c t e d  a t  r a t e s  c o r r e -  
sponding to the s u r f a c e  vacancy  concen t r a t i on  being 
equal  to c o . This  technique  has  r e c e n t l y  been  s u c c e s s -  
ful ly  app l i ed  to the  c l imb  of d i s l oca t i on  loops  in cad -  
mium and the s t a c k i n g  faul t  ene rgy  d e t e r m i n e d  to be 
175 e r g  p e r  sq cm.  F u r t h e r  de t a i l s  of th i s  work  were  
p r e s e n t e d  in a s e p a r a t e  p a p e r  at  th is  Confe rence .  

4) LOW S T A C K I N G - F A U L T  ENERGY METALS 

Dis loca t ion  loops  conta in ing s t ack ing  fau l t s  have  been  
o b s e r v e d  in coppe r ,  gold,  and s i l v e r  but,  unl ike the 
loops  found in a l u m i n u m  a r e  r a r e l y  hexagona l  in shape .  
Ins tead ,  many p o l y g o n a l - s h a p e d  loops  with edges  along 
(1107 conta in ing  acu te  and obtuse  c o r n e r s  a r e  fo rmed ,  
Fig .  6 shows t y p i c a l  loops in copper .  Dur ing  annea l ing  
at  t e m p e r a t u r e s  14 above  470~ the loops  a p p e a r  to 
s h r i n k  r e a s o n a b l y  un i fo rmly  cons i s t en t  with a s t ack ing  
faul t  e n e r g y  of about  70 e r g  p e r  sq cm.  Anneal ing  b e -  
low 470~ howeve r ,  the loops  sh r ink  nonun i fo rmly  with 
jog  nuc lea t ion  and p r o p a g a t i o n  somewha t  e a s i e r  a t  
o b t u s e - a n g l e d  c o r n e r s .  The loops  deve loped  a r e  t h e r e -  
f o r e  p r e d o m i n a n t l y  a c u t e - a n g l e d ,  p r e s u m a b l y  due to 
the fac t  that  the d i s s o c i a t i o n  of the F r a n k  d i s l oca t i on  
to fo rm a s t a i r - r o d  and a Shockley d i s l o c a t i o n  on an 
i n t e r s e c t i n g  (111) p l ane ,  g ives  r i s e  to s t a b l e  conf igu-  
r a t ion  involving t h r e e  s t a i r - r o d s  at  acu te  ang les  but 
not a t  ob tuse .  At ob tuse  c o r n e r s  the d i s l o c a t i o n s  a r e  
c o n s t r i c t e d  f a v o r i n g  jog nuc lea t ion ,  but  to  a l low loop 
sh r inkage  the jogs  mus t  subsequen t ly  run  a long the 
loop s i d e s ,  which r e q u i r e s  fu r the r  d i s l o c a t i o n  con-  
s t r i c t i o n .  Ev iden t ly  th is  is  p r o v i d e d  by  t h e r m a l  a c t i -  
va t ion  at  t e m p e r a t u r e s  above 470~ but  not  be low for 
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Fig. 6--Dislocation 
loops in quenched 
copper developing 
acute-angled cor- 
ners during anneal- 
ing at 447~ Mag- 
nification 70,500 
times. 

the case  of copper with 7 ~ 70 e rg  per  sq cm. This 
diff icul ty of jog propagat ion is a lso  ref lec ted  in the 
fo rmat ion  of i r r e g u l a r - s h a p e d  loops containing la rge  
super  jogs .  

Faul ted  dis locat ion loops have also been  observed  
in copper  af ter  proton i r r ad i a t i on ,  zs These loops, 
which a re  i n t e r s t i t i a l  in na tu re  and contain ex t r ins i c  
s tacking  fault ,  sh r ink  un i fo rmly  by absorb ing  v a c a n -  
cies genera ted  main ly  at the f ree  sur face  dur ing  a n -  
nea l ing  in the t e m p e r a t u r e  r ange  370 ~ to 420~ The 
value of the s tacking fault ene rgy  de te rmined  was 92 
e rg  pe r  sq cm which, taken together  with the r e su l t s  
d i s c u s s e d  above, gives a ra t io  7 E / 7 I  ~- 1.3. It would 
appear  f rom these expe r imen t s  with copper that jog 
propaga t ion  becomes  difficult  for  m a t e r i a l s  with 7 
~ 70 e rg  pe r  sq cm and hence c l imb is cons ide rab ly  
r e s t r i c t e d .  The anneal ing  of loops thus changes f rom 
d i f fus ion-con t ro l l ed  to e m i s s i o n - c o n t r o l l e d  condit ions 
and the ana lys i s  outl ined in sec t ion  1 is gene ra l ly  un-  
appl icable  to m a t e r i a l s  with 7 < 70 e rg  pe r  sq cm.  

The p r o b l e m s  of jog nuclea t ion  and propagat ion a r e  
even m o r e  acute in the pure  m e t a l s  gold (7 ~ 45 e rg  
pe r  sq cm) and s i l ve r  (7 ~ 20 e rg  pe r  sq cm). The 
faulted defects  observed  in quenched gold and s i l v e r  
a re  s i m i l a r  to those shown in  Fig.  6, heavily jogged 
and angu la r  in appearance .  In gold the anneal ing  is 
i r r e g u l a r  at t e m p e r a t u r e s  ~350~ where se l f -d i f fus ion  
is rap id  and where voids annea l  quite readi ly .  The a n -  
nea l ing  behavior  does,  however,  become more  r e g u l a r  
at h igher  t e m p e r a t u r e s ,  as obse rved  for copper.  In 
s i l ve r ,  the loops a re  often found to be s table  up to 
t e m p e r a t u r e s  in excess  of 600~ 

5) DISCUSSION 

The shrinkage of lattice defects, such as dislocation 
loops and voids, in the metal foils during isothermal 
annealing is controlled by vacancy diffusion. A com- 
parison of the measured annealing rate with that pre- 
dicted by diffusion-controlled rate equation allows a 
determination of the diffusion coefficient D or inter- 
face energy 7. The rate equation generally contains 
two material constants D and 7 one of which may be 

determined by substitution of a reasonable value for 
the other. R is unfortunate that the self-diffusion co- 
efficient of most materials is not known with sufficient 
accuracy for use in such kinetics studies. Neverthe- 
less, it has been demonstrated in this work that D may 
be eliminated by using a 'comparative' annealing tech- 
nique and accurate stacking fault energy and surface 
energy values obtained. Alternatively, a reliable value 
of 7 may be used to determine the self-diffusion coef- 
ficient D, as carried out recently by Volin and Balluffi ~8 
for aluminum�9 The values obtained of 7~ = 135 i 20 erg 
per sq cm, 7E = 180 • 20 erg per sq cm, and 7s = 1140 
• 200 erg per sq cm complete, with 7g.b = 340 erg per 
cm for the grain boundary energy and 7T = 71 erg per 
sq cm for the twin boundary energy obtained previ- 
onsly,~? a consistent set of surface and interfacial en- 
ergy values  for a l u m i n u m .  The annea l ing  of s ing le -  
faulted loops in a l u m i n u m  has also been  s i m i l a r l y  
m e a s u r e d  by T a r t o u r  and Washburn  Is and a value for 
7~ obtained in good a g r e e m e n t  with that which Dobson, 
Goodhew, and Smal lman  repor ted ,  thus conf i rming  the 
r e l i ab i l i ty  and r ep roduc ib i l i t y  of the technique .  

In the hcp me ta l s  zinc,  cadmium,  magnes ium,  and 
so forth, it has not been poss ib le  to d e t e r m i n e  the 
s tacking fault  ene rgy  d i rec t ly ,  p r i o r  to the in t roduct ion 
of the p r e se n t  vacancy  diffusion technique .  Dis locat ion 
nodes have not been  observed  in the common hcp m e t -  
als  (although they a re  me a su r e a b l e  in graphi te  and 
other  layer  s t r u c t u r e s ) ,  the texture  technique 19 is not 
appl icable s ince  the re  is no tex ture  s tab le  to fur ther  
deformat ion,  and o ther  ind i rec t  techniques  have often 
led to e r roneous  e s t i m a t e s .  The methods based  on 
diffusion de sc r i be d  in this  paper  involving e i ther  the 
shr inkage of s ing le - f au l t ed  loops or  the growth of 
double-faul ted  loops should enable the inf luence of 
e lec t ron ic  fac tors ,  a l loying e lements ,  c / a  ra t io ,  and 
so forth, on s t ack ing- fau l t  energy (or su r face  energy)  
to be de t e rmined  in future work. It mus t  be r e m e m -  
bered  however,  that  the value of 7 obta ined is for a 
fault with one n e x t - n e a r e s t  neighbor v io la t ion  in the 
s tacking  sequence  and the fault  produced by d i s s o c i a -  
t ion in the based  plane of the sl ip d i s loca t ion  with b 
= a / 3  (1120) has two n e x t - n e a r e s t  ne ighbor  violat ions  
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and  a c o r r e s p o n d i n g l y  h i g h e r  e n e r g y .  
A d i s a d v a n t a g e  of the  n o d e  a n d  l o o p - a n n e a l i n g  m e t h -  

ods  i s  t h a t  t hey  a r e  t e d i o u s  to  a p p l y  and  do no t  l end  
t h e m s e l v e s  r e a d i l y  to r a p i d  s u r v e y s  a c r o s s  a l l oy  p h a s e  
f i e l d s  to  s t u d y  the  i n f l u e n c e  of e l e c t r o n i c  s t r u c t u r e  on  
7 [ ~ b .  F o r  t h i s  p u r p o s e  s e m i q u a n t i t a t i v e ,  e m p i r i c a l  
m e t h o d s  o f f e r  g r e a t  a d v a n t a g e s .  P o s s i b l y  t he  s i m p l e s t  
of t h e s e  i s  the  t e x t u r e  m e t h o d ,  x~ w h i c h  r e l i e s  on the  
d e p e n d e n c e  of r o l l i n g  t e x t u r e  in f cc  m e t a l s  on 7 / g b ,  
as  d i s c u s s e d  in t he  p a p e r  b y  D i l l a m o r e ,  p. 2463. A 
c o m p a r i s o n  of t he  v a r i o u s  m e t h o d s  f o r  d e t e r m i n i n g  7 
h a s  b e e n  m a d e  2 u s i n g  N i - C o  a l l o y s  w h e r e ,  a s  s h o w n  in 
F ig .  7, 7 v a r i e s  f r o m  the  h igh  v a l u e  of p u r e  n i c k e l  to  
a f ew  e r g  p e r  s q  c m  at  t he  p h a s e  b o u n d a r y .  The r e -  
s u l t s  o b t a i n e d  by the  t e t r a h e d r a  m e t h o d  fa l l  a p p r e c i a b l y  
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Fig. 7--The variat ion of stacking fault energy in the Ni-Co 
sys tem de termined  from tex tu res  � 9  nodes O, and t e t r ahedra  
[] measurements �9  

b e l o w  the  v a l u e s  o b t a i n e d  by  the  o t h e r  two  m e t h o d s .  
D i s c r e p a n c i e s  in  t h e  s a m e  s e n s e  a r e  found  in t he  r e -  
s u l t s  f o r  s i l v e r ,  c o p p e r ,  and  gold  and  f o r  s t a i n l e s s  
s t e e l  and  p r o b a b l y  a r i s e  f r o m  the  p a r t i c u l a r  m e c h a -  
n i s m  of t e t r a h e d r a  f o r m a t i o n  a s s u m e d  in  t h e  a n a l y s i s .  
The good  a g r e e m e n t  b e t w e e n  the  v a r i a t i o n  of 7 / t . tb  in 
the  N i - C o  s y s t e m  o b t a i n e d  by  the  node  and  t e x t u r e  
m e t h o d  p r o v i d e s  c o n f i r m a t i o n  of the  v a l u e  f o r  a l u m i -  
n u m  of 135 e r g  p e r  s q  c m  o b t a i n e d  u s i n g  the  l o o p -  
a n n e a l i n g  a n a l y s i s ,  s i n c e  t h i s  va lue  w a s  u s e d  a s  a 
c a l i b r a t i o n  p o i n t  f o r  the  t e x t u r e  m e t h o d .  It i s  e s s e n -  
t i a l  in u s i n g  the  t e x t u r e  t e c h n i q u e  to  h a v e  a c o m p l e t e  
c a l i b r a t i o n  o v e r  t h e  ful l  r a n g e  of 7 v a l u e s .  At p r e s e n t ,  
the  d i f f u s i o n  a n a l y s i s  o u t l i n e d  in t h i s  w o r k  i s  t he  only  
d i r e c t  m e t h o d  a v a i l a b l e  f o r  h igh  7 m a t e r i a l s .  
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