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ASSTRACT 

A survey is presented of the experimental and analytical techniques 

available f o r  t h e  determination of concentrations and fonnation energies 

and entropies of vacancy defects in  pure metals from quenching. Per- 

turbations t o  the  equilibrium population of vacancy defects caused by 

quenching are considered i n  relation t o  t h e i r  effect  upon the  quenched- 

i n  vacancy defects. The redistribution of vacancy defects as a resul t  

of vacancy i n t e r e t i o n s ,  the losses of vacancies t o  existing sinks o r  

by precipitatior?, and the  generation of new defects due t o  deformation 

during quenching are  examined i n  detail .  Computer calculations have been 

made fo r  a multi-defect system of vacancy defect clustering and of 

vacancy losses duirng quenching, and the resu l t s  are compared with 

experimental data. Next, experimental methods fo r  the  determination of 
- 

t h e  concentrations of quenched vacancy defects are  examined. Indirect 

techniques which u t i l i z e  the measurement of a microscopic property such 

as r e s i s t i v i t y  o r  length, fo r  example, i n  which the change i n  the 

property per uni t  increment of vacancy defects must be known, as well 

as direct  measurements such as electron o r  field-ion microscopy are 

discussed. Problems involved in  ,the interpretation of the  experimental 

r e s u l t s  hwn these techniques i n  terms of defect concentrations such as, 

non-proportional.variation of properties with order of vacancy cluster ,  

non-uniformity of defect distributions and perturbations of the  defect 

population by the  observation techrlique are considered. In addition, 

measurements sensi t ive t o  anisotropic vacancy defect c lus te rs  are 

I b r i e f l y  discussed. Lastly, techniques available for  t h e  determination 

of t h e  formation energies and entropies of s ingle  and multiple vacancy 
I 
I 
I 

defects are considered. Calculations of possible curvature of Arrhenius 

p l o t s  due t o  both temperature dependence of defect activation energies 



and entropies, and to contributions from the various constituents of a 

multi-defect system have been made, and the results are discussed in the 

light of possible difficulties which may arise in the interpretation of 

experimental data. Throughout the discussion of the various topics, 

available experimental results are considered where pertinent. A 

number of conclusions have been drawn from the present work and are 

presented at the ends of the various sections. 
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I. Introduct ion 

The populat ion o f  vacancy defects present i n  thermal equi l ibr ium 

may be expressed general ly  i n  the form 

where n indicates t he  s i ze  o f  the vacancy cluster, an i s  a constant re- 

lated t o  the  l a t t i c e  geometry o f  the c luster ,  and snf and E,,~ are the 

entropy and energy o f  formation respectively o f  a c lus te r  o f  s ize n 

which may be funct ions of  temperature. The goal o f  a quenching experl- 

men* aimed a t  obtai  n i  ng the equi l ibrium concentrations and properties of 

t he  vacancy defects i s  t o  quench the specimen from an elevated tempera- 

ture,  T t o  a r e l a t i v e l y  low temperature, rap id ly  enough t o  freeze-in 
q ' 

the defects present a t  T . Ideal ly, it i s  desired t o  freeze-in the en- 
9 

t i r e  equ i l ib r ium vacancy defect population I n  an unperturbed state and, 

a f t e r  quenching from various T t o  measure the cn ind iv idua l l y  allowing 
c! ' 

f the absolute determination o f  the various snf (TI and En (TI.  

Unfortunately, t h i s  goal cannot be real ized i n  practice, and the 

purpose o f  the present work i s  t o  examine i n  some de ta i l  the  various 

problems which a r i se  when one attempts t o  ex t rac t  quan t i ta t i ve  infonna- 

*ton abou? vacancy defects from quenching experiments. The problems are 

taken up i n  the same order as they occur i n  quenching experiments. F i r s t l y ,  

it i s  emphasized i n  sect ion 2 t ha t  real quenches are qu i t e  non-ideal, and 



t h a t  t h e  o r l g i ? a l  equ i l i b r i um populat ion present j u s t  before quenching i s  
I 

genera l ly  s i g n i f i c a n t l y  a l t e red  during t h e  quench. The various perturb- 

i n g  e f f e c t s  are  then analyzed and discussed. Secondly, t h e  problems 

wh ich  are encountered i n  measuri ng vacancy defect  concentrat ions 1 n speci- 

mens a f t e r  quenching a re  discussed i n  sec t ion  3. F ina l l y ,  i n  sect ion 4, 

t h e  problems involved i n  deducing defect  energies and entropies of forma- 

t i o n  from var ious types o f  defect  concentrat ion data are discussed, 

The emphasis i n  t h e  present work i s  on t h e  general principles in- 

volved, and no attempt I s  made t o  present an encyclopedic review o f  ex- 

i s t i n g  experimental P-esults. However, se lected data are used wherever 

poss ib le  t o  i l l u s t r a t e  various phenomena. I t  i s  unfortunate t h a t  i n  most 

cases s u i t a b l e  data a re  ava i l ab le  f o r  on l y  one metal; i.e., gold. 

I n  order. t o  s i m p l i f y  t h e  presentation, a l i s t  o f  conclusions i s  

g iven a t  t h e  end o f  each section. 



I 2. Real versus ideal quenches 

l nherent pe r tu rb  1 ng ef fects wh i ch are  present i n rea l  quenches 

i nc l ude: 

(1)  c l u s t e r i n g  o f  t h e  vacancy defect populat ion during the  
quench. 

(2)  loss o f  vacancy defects t o  s inks such as d is locat ions  
dur ing  t h e  quench. 

( 3 )  generat ion o f  add i t iona l  defects by p lasTic deformation 
occu r r i ng  dur ing  t h e  quench. 

Le t  us consider  these per turb lng e f f e c t s  i n  de ta i l .  

2.1. C l u s t e r i n g  o f  t h e  defect populat ion during quenching 

As t h e  c r y s t a l  i s  r a p i d l y  cooled dur ing the  quench, t h e  defects 

I become supersaturated and tend t o  c l u s t e r  t o  a t  l eas t  some degree i n  
: 

cases where p o s i t i v e  b ind ing energies e x i s t .  This e f f e c t  i s  impossible i 

t o  avoid i n  reasonably dense systems, s ince the  number o f  jumps required 

f o r  a g iven defec t  t o  meet another defect  during the  quench i s  general ljf 

much smal ler  than t h e  t o t a l  number of jumps which t h e  defec) could make I I 
j I 

be fo re  being frozen-in dur ing even fas t  quenches. This e f f e c t  has been 1 ~ 
considered by a number o f  authors, and i n  order t o  i I lus t ra te  the pr in-  

c i p l e s  involved l e t  us examine the  f requent ly  investigated case of the  

format ion o f  divacancies from monovacancies dur i  ng the  quenching of a I 
fee metal. Ignor ing  any defect losses and considering only the redis-  

tr i  b u t  ion of monovacancies and d l  vacancies, t he  appropriate approximate 

equations I! are  



where v i s  t h e  atomic vibrational frequency, E: i s  t he  divacancy binding 

energy, and T ( t )  i s  t he  temperature during the quench. Fuj  ivara 2, was 

the f l r s t  t o  solve the non-l inear eq. (2) using computer techniques, He 

found the fo l lowing behavior under t yp i ca l  quenching conditions: 

( I) A t  high temperatures where the  defects associate and dissociate 

rap id ly,  t he  monovacancy and d ivacancy popu l a t  ions are able t o  ma i nta  i n 

quasi-equi l ibr ium w i th  each other even i n  the face o f  the  rapid cooling: 

i.e., the respective populations fo l low the re la t ion  

(2) Upon fur ther  cool ing, a po in t  i s  reached where the association 

and d issoc ia t ion rates become s u f f i c i e n t l y  sluggish so t h a t  the  mainten- 

ance of quasi-equi l ibr ium i s  no longer possible. Very soon a f t e r  t h a t  

the  defects become vfrozen-inl', and no fu r ther  changes i n  t h e i r  concen- 

t r a t i ons  occur. The freezing-in o f  the defect d i s t r ibu t ions  occurs 

ra ther  suddenly near a c r i t i c a l  temperature designated as T*. 

We have used a computer t o  calculate c l  and c during quenching 2 

using eqs. (2) through (4)  f o r  a range o f  conditions and defect parameters 

which might be t yp i ca l  o f  a f cc  metal, and some resu l ts  are given i n  fig. 

I and t ab le  I .  As expected ( f i g .  I), the r a t l o  c2/c, i s  maintained i n  

quasi-equi l ibr ium dur ing the early pa r t  o f  the quench a t  elevated tempera- 

tures but  eventual ly  becomes frozen-in a t  a constant value a t  lower temp- 

eratures. As seen i n  tab l e  I, the f i na l va l ue o f  c2/c i i s  very sens i t i v e  

t o  the values of E~~ and T and var ia t ions o f  two ( o r  more) orders o f  
9 ' 



magnitude are  poss ib le  depending upon t h e  choice o f  these parameters. 

C lus ter ing  e f f e c t s  a re  o f  l i t t l e  importance f o r  cases where the  

divacancy b ind ing  energy i s  2 O.leV. Since i n  many cases t h e  b inding 

energy may be la rge r  than t h i s ,  we conclude t h a t  s i g n i f i c a n t  c l u s t e r i n g  

may o f t e n  occur. Unfortunately, t he re  i s  a  serious lack o f  any re1 lab l e  

experiments l in format ion  regard i ng t h e  propert ies o r  the  degree o f  c  l us- 

t e r l n g  o f  small vacancy c lus ters .  O f  considerable importance i s  the  

f a c t  t h a t  t h e  degree o f  clusterTng i s  r e l a t i v e l y  i nsens i t i ve  t o  the  

quenching rate.  The r e s u l t s  show t h a t  when the  divacancy b inding energy 

i s  s i g n i f i c a n t  it i s  genera l ly  impossible t o  avoid appreciable c l u s t e r l n g  

even w i th  t h e  use o f  extremely f a s t  quenches. 

As f i r s t  pointed o u t  by Koehler, e t  a l .  -- 3, , an est imate o f  T* may 

be obtained by a  simple ana ly t i ca l  method. The ra te  a t  which c l  must 

decrease w i t h  t ime i n  order  t o  maintain quasi-equi l ibr ium dur ing  coo l ing  

a t  t he  r a t e  dT/dt i s  e a s i l y  obtained from eqs. ( 3 )  and ( 5 )  and i s  given 

On the o the r  hand, t h e  actua l r a t e  a t  wh i ch  c l  decreases as a resu l t o f  

monovacancies meeting t o  form divacancies i s  j u s t  the  f i r s t  term on the 

r l g h t  hand s i d e  o f  eq. (2) .  I n  the  quasi-equi l ibr ium regime t h i s  associa- 

t i o n  term must be large compared w i th  (dc l /dt Io.  As the  temperature drops, 

however, t h e  assoc ia t ion  term decreases, and we might expect t o  ob ta in  an 
i 1 

est imate o f  t h e  f reezi  ng-in temperature by s e t t i n g  T* equa l t o  t h e  temp- I 

era ture  a t  which t h e  associat ion term becomes smal l enough t o  equal (dc /dt)'. 
4 

I 
)I , '  



The res.u I t  i s  

Values o f  T* calculated from eq. (7)  are shown by the arrows i n  fig. I, 

and are seen t o  f a l l  i n  the middle o f  the  temperature ranges where 

freezing-in occurs. I t  i s  also noted t h a t  the quasi-equil ibrium r a t i o  

a t  T* i s  only s l i g h t l y  higher (10-205) than the actual f i n a l  frozen-in 

ra t io ,  and that, therefore, the f i n a l  r a t i o  may be calculated wi th f a i r  

accuracy from eqs. (7 )  and (5) without the bother o f  using the computer. 

So f a r  we have considered only the  simplest case o f  monovacancies 

c lus te r ing  i n t o  dlvacancies. I n  general, it i s  necessary, of course, t o  

consider the  possib le formation o f  c lus ters  o f  a l I sizes. Cotter i  1 1 4, 

has car r ied ou t  approximate c lus ter ing calculat ions f o r  a more compl i- 

cated defect  system i n  which c lusters as large as quadri-vacancies were 

allowed t o  form. As might be expected, such a system behaves i n  a manner 

which I s  q u a l i t a t i v e l y  s im i l a r  t o  the simple monovacancy-divacancy system 

a I ready described. The various react ions capable o f  forming the d i f f e ren t  

c l usters freeze- i n a t  s l i ght l y d i f ferent  temperatures during the quench 

and eventual ly a l l  c l us te r  concentrations become completely frozen-in. 

More detai I s  are avai lab le  i n  ref.  3. 
I t  i s  wel l  establ ished t h a t  large defect  c lusters v i s i b l e  by trans- 

mission e lec t ron microscopy, are formed i n  many cases when a quenched 

metal containing a h igh vacancy supersaturation i s  annealed a t  a low temp- 

erature. The fo l lowing ques+lon therefore arises. I s  it possible t o  

quench a t  a su f f i c i en t  r a te  t o  r e s t r i c t  the c lus te r ing  during the quench 



t o  t h e  formation o f  smal l inobi l e  c lusters,  o r  are l a rge r  more immobi le  

c l u s t e r s  formed which are  capable o f  growing i n t o  la rge v i s i b l e  c lus te rs  

dur I ng low temperature anneal i ng? Mesh li, e t  a  I. '1 have shown t h a t  t h e  -- 
formation o f  l a rge r  v i s i b l e  c lus te rs  i n  quenched go ld  and aluminium re- 

qu i res  nucleat ion, and they have demonstrated t h a t  t h e  nucleat ion occurs 

o n l y  below a  c r i t i c a  l temperature (c160°C i n  gold). F u r t h e m r e ,  by 

quenching a t  reasonably rap id  rates they were able t o  avold completely 

t h e  formation of any nuc le i  f o r  t h e  large v i s i b l e  c lus ters .  These r e s u l t s  

i nd i ca te  t h a t  t h e  format ion o f  r e l a t i v e l y  large immobile c lus te rs  may be 

genera l ly  avoided i n  quenching experiments. 

As shown above, it i s  impossible To avoid c l u s t e r i n g  i n  systems 

where t h e  c l u s t e r s  possess s i g n i f i c a n t  b ind ing energies even when extremely 

f a s t  quenches are  used. I f  we assume t h a t  the  cn can be measured ind f -  

v i d u a l l y  a f t e r  quenching t o  To it i s  obvious t h a t  t h e  cn which are measured 

exper imental ly  w i l l  be those I n  quasi -squi l ibr ium a t  T* ra the r  than the  

desi red concentrat ions i n  t r u e  thermal equi l ibr ium a t  T . I t  might be 
9  

thought  t h a t  i n  t h i s  s i t u a t i o n  t h e  cn could be measured as funct ions of  

quenching r a t e  a f t e r  quenching from a f i x e d  T and t h a t  t he  desired values 
c; ' 

of  cn corresponding t o  thermal equ i l i b r i um a t  T could then be obtained by 
9  

ex t rapo la t  i ng t h e  resu l t s  t o  an i n f  i n  i t e  quench i ng ra te .  However, i n- 

spec t lon  o f  t h e  r e s u l t s  i n  f i g .  I shows t h a t  such an ex t rapo la t ion  would 

be very long and uncer ta in  and would the re fo re  be q u i t e  unrel iable.  This 

i s  more c l e a r l y  shown i n  f ig.  2 where t h e  nature of t h e  ex t rapo la t ion  may 

5 - I  
be seen for a spec1 f i c  case. Since 10 OC sec i s  about t h e  upper I i m i t  

o f  present ly  ava i l ab l e  quenching rates, it appears t h a t  there  i s  no 

quenching method c u r r e n t l y  ava i lab le  which w i l l  a l low t h e  r e l i a b l e  determi- 

na t i on  of  t h e  t r u e t h e r m a l  equ i l i b r i um values o f  t h e  cn. 



Conc l us i ons : 

( 1 )  A t  least  some degree o f  c lus te r ing  i n  the form o f  small mobile 

c lus ters  occurs dur ing usual quenching i n  systems where the c lusters 

possess s i g n i f i c a n t  binding energies. The resu l ts  are re l a t i ve l y  insensi- 

t i v e  t o  the quenching rate. The extent  o f  such c lus ter ing natura l ly  de- 

pends d i r e c t l y  upon the propert ies o f  the small c lusters,  Unfortunately, 

there I s  a serious lack o f  any r e l i a b l e  information regarding e i t he r  the 

propert ies o r  the degree o f  c i us te r i  ng o f  these defects. 

( 2 )  Cluster  concentrations become f rozen-i n ra ther  abruptly a t  some 

c r i t i c a l  temperature during quenching. 

( 3 )  The formation o f  r e l a t i v e l y  large immobile c lusters may be gen- 

e r a l l y  avoided dur ing quenching. 

( 4 )  Even i f  the  concentrations o f  the indiv idual  c lusters could be 

measured i nd iv idua l l y  a f t e r  quenching as a funct ion of quenching rate, 

attempts t o  extrapolate the resu l ts  t o  an i n f i n i t e  quenching rate i n  

order t o  obtai  n the i ndi v i  dual c l us te r  concentrations or ig ina l l y present 

i n  thermal equ i l ib r ium a t  T would most l i k e l y  f a i l .  
9 



-9- 

2.2. Vacancy losses during quenching 

I n  specimens quenched a t  f i n i t e  ra tes  a ce r ta in  f r a c t i o n  o f  the 

supersaturated vacancies i s  l nevi tab l y l o s t  a t  s inks  which are present 

i n  t h e  specimen dur ing  t h e  quench. Possible s inks include t h e  f ree  sur- 

face, g r a i n  boundaries, subgrain boundaries (dense planar arrays o f  d i s -  

locat ions) ,  and t h e  random 3-dimensional d i s loca t ion  network. As pointed 

o u t  below i n  sec t ion  2.3, d is locat ions  may be generated i n  p l a s t i c  defor- 

mation dur ing  quenching, and, therefore, t he  possib le s inks include those 

present i n  t h e  specimen Just  before the  quench as we1 l as those genera- 

t e d  dur ing  t h e  quench. I t  i s  a l so  possib le under special c ircums~ances 

t 
( i .e., slow quenches, o r  cases where s i nks are absent 1 f o r  t he  super- 

saturated defects t o  b u i l d  up la rger  c lus te rs  dur ing the quench so t h a t  

la rge immobile vacancy p rec ip i ta tes  (i.e., d is locat ion  loops, voids, 

s tack ing - fau l t  tetrahedra, etc.) form which i n  t u r n  ac t  as vacancy sinks 

dur ing  t h e i r  growth. We regard t h i s  p o s s i b i l i t y  as a special  case, however, 

and shal l no t  consider it fur ther .  The r e l a t i v e  importance o f  t h e  s inks 

mentioned above depends, o f  course,'upon t h e i r  r e l a t i v e  dens i t i es  and t h e  

e f f i c i e n c y  w i t h  which they absorb vacancy defects. 

I n  recent  years there  has been an increasing awareness t h a t  vacancy 

losses dur ing quenching play an important r o l e  i n  quenching experiments, 

and a number o f  workers have quenched a t  d i f f e r e n t  rates i n  o rde r  t o  

eva lua te  tho  losses as a funct ion o f  quenching rates. F l  ynn, e t  a I. 3 , -- 
i n  one of t h e  most complete studies, obtained the resu l t s  shown i n  f i g .  3 

t For exanale (see ref .  6, 1, large vacancy p rec ip i ta tes  have been formed 

by c l u s t e r i n g  i n  s i n g l e  c rvs ta l s  o f  almost d i s loca t ion  - free copper 

? 
dur ing  furnace coo l i ng  (quenching?). 



f o r  t h e  case of go1 d. The data show a t o t a  1 defect rest s t i v l t v  (concen- 

+ ra t  ion)  loss which i ncreases as the  quenching ra te  i s  decreased o r  the  

q u e n c h i n g  temperature i s  1 ncreased. A t  su f f i c i en t  1 y low quench i ng temp- 
I , 

1 e r a t u r e s  essent ia l l y a 1 l losses. were avoided by quench l ng a t  moderately 
I 1  

I f a s t  rates.  For  any g iven elevated quenchlng temperature the  data may 

I p resumab ly  be corrected f o r  quenching losses (and the  thermal equ l l i b -  

I 

1 r i  urn defec t  res i s t1  v i t y  (concentration) may be deduced) by extrapol a t i n g  

i 
I the  quenched-in res i s t i v i t y  1 ncrement t o  i nf  i n l t e  quenchlng ra te  as shown 

i n f t g. 4. Comparison of f igs. 4 and 2 shows t h a t  t he  technique o f  ex- 

t rapo  l at1  ng t o  1 n f  1 n l t e  quench i ng r a t e  as a means o f  correct ing f o r  10s- 

s e s  due t o  f i n i t e  quenching rates i s  considerably more r e l i a b l e  f o r  cor- 

r e c t i  ng f o r  losses than f o r  c luster ing,  Loss data show1 ng the  same gen- 

eral fea tures  have been obtained I n  other invest igat ions wi th gold 8- 10) , 

p l a t  1 nun 4 and a l urn1 n i  urn 12) , and also i n  work 1 n progress on bcc 

' 3) m e t a  I s  by Bass and coworkers , 

The general features o f  t h i s  behavior are readi l y  understood i n  

terms of t h e  r e l a t i v e  numbers o f  the  supersaturated defects which are 

a b l e  t o  reach t h e  s inks  by d i f f u s i o n  during the  quench. However, t he  

a t t a i n m e n t  o f  a deta i  led  quantitative understanding o f  the  resu l t s  i s  

c o n s i d e r a b l y  more d i f f i c u l t .  The simplest model which can be visualized 

i s  one I n  wh i c h  on ly  one vacancy type defect i s  present, and where t h e  

s p e c  i men conta i ns a constant density o f  f 1 xed s i nks dur i  ng the  quench 

w h i c h  operate w l t h  a s u f f i c i e n t l y  high e f f i c i ency  t o  maintain the p o i n t  
1 

def 0c-f concentrat ion  i n  the1 r d l  r e c t  v i  c i  n 1 t y  a t  the  i nstantaneous 

equ 1 I I b r l  urn concentrat ion ca l led f o r  by the  specimen temoerature. Under 

t h e s e  condi t ions t h e  defect loss i s  cont ro l ied  by the  amount of defect 

d l  f f US ion which can take place t o  the s inks dur l  ng the quench i n  the  



presence o f  t h e  con t i  nuous l y varying equi l i b r i  um boundary cond i t ion  a t  

t h e  surfaces o f  t he  sinks. F l  ynn, -- e t  al. '1 shoved t h a t  a reasonably 

accurate approximate s o l u t i o n  t o  t h i s  problem could be obtained i n  the  

form o f  an e lgenfunct ion  expansion, and, f u r t h e m r e ,  showed t h a t  f o r  

l i n e a r  quenches t h e  f r a c t i o n a l  loss o f  t he  t o t a l  vacancy concentrat ion 

t o  f i x e d  s inks  I s  a func t i on  which depends on ly  on the  combined para- 

meter D T T where D i s  t h e  defect  d l f f u s i v i t y  a t  T and T i s  t h e  t ime 
9 9 9  9 9 9 

requ l red  f o r  t h e  quench. However, i n  order  t o  ca l cu la te  actual losses 

f o r  given t y ~ e s  o f  s inks  it i s  necessary t o  c a r r y  ou t  de ta i led  calcula-  

t l o n s  u t i l i z i n g  the  a p ~ r o p r i a t e  eigenfunct ions. I n  the  present work we 

have avoided these c o m ~ l i c a t i o n s  and have ca lcu la ted  defect  losses I n  a 

t y p i c a l  quenched system by d i r e c t  numerical i ntegra t ion  o f  t he  defect  

d l f f u s l o n  equation l n  t h e  presence o f  an appropr ia te  temperature ( t ime) 

dependent d i f f u s i v i t y  and equ i l ib r ium temperature (t ime) dependent boun- 

dary condi t ions a t  t h e  sinks. 

The dominant s inks  are expected t o  be d is locat ions ,  and t o  a lesser 

degree, subgrain boundaries. I t  has been shown elsewhere 1 4 )  t h a t  t y p i c a l  

p lana r  sub-boundaries cons is t ing  o f  d i s loca t ions  which a c t  as high e f f i -  

c iency s inks should a c t  as pe r fec t  p lanar sinks. Since t h e  subgrain 

1 s i z e  i s  general l'y smal ler  than the  g ra in  s i z e  ( o r  specimen size),  we may 

, 1 

I regard the subgrains as t h e  most important p lana r  type s inks  and there- 
I 
I 

I f o re  we need on ly  consider  the  sub-boundaries and d i s loca t ions  i n  our 

I 
I 

ca lcu la t ions .  Unfortunately, it has not  been practicable to  ca lcu la te  
i 
I. t h e  losses due t o  the  simultaneous presence o f  both d is locat ions  and sub- 

I 

j g r a i n  boundaries. We have there fore  ca l cu la ted  losses t o  each o f  these 

s i n k  types separately on t h e  assumption t h a t  it alone i s  operat ive, This , 
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procedure, o f  course, tends t o  overestimate t he  loss whlch would occur 

a t  each s lnk  type i n  the  actual combined case. Ideal ized models f o r  

ca lcu la t ing  t he  d i f f u s l o n  t o  each type o f  s lnk  were employed. The dis- 

locat ion s t ruc ture  was repres.ented by an array o f  s t r a i gh t  para1 l e l  dis- 

locations each surrounded by a cy l i nd r i ca l  d i f f us i on  c e l l  o f  radius 

( n ~ ~ ) - ' ' '  where Nd i s  the  dislocation density, whi le the subgrains were 

represented by spheres o f  radius R. Extensive d~scussions o f  these 

ideal ized models have been given elsewhere 7,10,14-16) . is loca t ion  

dens i t ies  and subgrain r a d i i  i n  quenched gold have been measured 16,17) 

7 
and are of order 4 5 x 10 cm-* and 60-200r respectively. Same resu I t s  

f o r  a simple assumed monovacancy system containing sinks a t  the  above 

dens i t ies  are given i n  f igs.  5 and 6.t I t  i s  seen i n  Fig. 6 t ha t  the 

dis locat ions are  the dominant sinks under these conditions. 

The calculated resu l t s  ( f igs .  5 and 6 )  show behavior which i s  a t  

least  q u a l i t a t i v e l y  s i m i l a r  t o  the experimental r esu l t s  ( f i gs .  3 and 4 ) .  

Such ideal ized ca lcu la t ions therefore are capable o f  o f f e r i n g  a t  least  

a good semi-quantitative explanation o f  defect  losses during quenching. 

However, the fo l lowing s impl i fy ing assumptions have been made which re- 

qu i re  fu r the r  discussion: 1 

( 1 )  the d is locat ions act  as per fec t  l i n e  sinks during the e n t i r e  

quench. 

(2') the d is loca t ion  density i s  constant during the  quench. 

(3)  only one defect  type i s  present, and c lus te rs  (and c luster ing) 

are neg l ected . 
t We have v e r i f i e d  t h a t  f rac t iona l  losses i n  f i g .  5 are a unique funct ion 

o f  (D T -r as predicted by Flynn,et a l .  
4 4 9 -- 71 

! 



! ( 4 )  an idea l i zed  f'ixed s ink  s t ruc tu re  i s  an acceptable approxima- 

I t i o n .  

The s i t u a t i o n  w i t h  respect t o  the  e f f l c l e n c y  o f  t h e  d i s loca t ion  

network as l i n e  s inks  f o r  supersaturated vacancies has been extensively 

reviewed by B a l l u f f l  and Seidman i n  several papers 10,15,16,18) T~~ 

general conclusion i s  t h a t  t he  network climbs w i t h  a  r e l a t i v e l y  high 

e f f i c i e n c y  (i.e,, a  r a t e  which I s  w i t h i n  a  f a c t o r  o f  1/10 t o  I o f  t he  

maximum poss ib le  d i f f u s i o n  l im i ted  r a t e )  under cond i t ions  o f  moderate 

ta  s t rong defec t  supersaturat ion. There i s  some evidence, summarized 

i n  a recent paper by Wang, -- e t  a l .  lo), t h a t  t h e  s i n k  e f f i c i e n c y ,  i n  gold 

a t  least,  i s  somewhat reduced when the  vacancy supersaturat ion ( l ee . ,  

t he  d r i v i n g  fo rce  f o r  c l imb)  i s  I n  the  range corresponding t o  a  vacancy 

chemical p o t e n t i a l  2 0.leV. This would suggest t h a t  t h e  defec t  losses 

I dur ing t h e  e a r l y  p a r t  o f  t h e  quench during the  per iod  o f  r e l a t i v e l y  low 

supersaturat ion might  be lower than calculated above on the  assumption 

o f  p e r f e c t  s l  nks. We note t h a t  Kino and Koeh l e r  have suggested t h a t  

I l i n e  tension may p lay  a  s i g n i f i c a n t  r o l e  i n  c o n t r o l l i n g  t h e  d i s loca t ion  

I s i n k  ac t i on  dur ing quenching when d i s loca t ion  segments must bow o u t  i n  

order  t o  cl imb. They argue t h a t  the  network i s  then inoperat ive during 

the  i n i t i a l  per iod  of t h e  quench u n t i l  enough vacancy supersaturat ion 

I (21%) i s  bui I t  up t o  provide the d r i v i n g  fo rce  requ i red  to bow ou t  the 

segments. However, if t h e  network i s  i n i t i a l l y  annealed it I s  u n l i k e l y  

t h a t  s i g n i f i c a n t  amounts o f  bowing are necessary f o r  c l imb dur ing t h e  

e a r l y  stages of t h e  quench during whlch t h e  supersaturat ion i s  bu i l d lng  

up t o '  on ly  %I $. Furthermore, even i f  the  d i s  l ocat  ions were l noperat ive 

d u r f n g t h i s p e r i o d t h e o v e r a l l  e f f e c t o n t h e  losseswou ldbeexceed ing ly  , 



sma 1 1 . We conc l ude t h a t  d 1s locat ion  l i ne tens ion e f f e c t s  may be ignored 

i n  a o f  t h e  loss problem. 

The assumption t h a t  t h e  d is locat ion  density i s  constant i s  undoubt- 

e d l y  a poor approximation I n  most cases since, as discussed i n  sect ion 

2.3, t he re  i s  considerable evldence t h a t  s i g n i f i c a n t  d is locat ion  genera- 

t i o n  and movement occurs under many quenching conditions. Losses could 

be enhanced cons i derab 1)' i n  such cases due t o  the  sweep1 ng uo e f f e c t  of 

t he  moving d is locat ions .  

I n  systems w i t h  s i g n i f i c a n t l y  high c l u s t e r  binding energies the 

c l u s t e r  d i f f u s i o n  t o  s inks  could be important, and would have t o  be con- 

s ide red  i n  c a l c u l a t i n g  t h e  losses. Flynn ''), f o r  example, has i nd i -  

cated some a n a l y t i c a l  techniques which might be useful i n  coping w i th  

t h l s  problem. So fa r ,  no extensive ca lcu la t ions  o f  losses i n  the  pres- 

ence of c l u s t e r i n g  have been made, 

The e f f e c t s  o f  non-uniformly d i s t r i b u t e d  d is locat ions  on annealing 

k i  n e t 1  cs have been i nvest igated by Ham 20) , and the e f f e c t s  o f  non- 

un i fo rm ly  shaped subgrain boundaries have been discussed by Flynn, -- e t  a l .  3 . 
f K i  n o  and Koeh l e r  ') a l s o  suggest t h a t  s i g n i f  i can t  nucleat ion o f  vacancy 

p r e c l p f t a t e s  could occur dur ing the  shor t  i n i t i a l  per iod during which 

the  d i s l o c a t i o n s  a re  assumed t o  be inoperat ive. However, since any 

vacancy concentrat ion decrease during t h l s  per iod would be r e l a t i v e l y  

sma 1 1 such processes wou l d proceed Independently o f  t he  rap i d  i t y  o f  t he  I 
s ink  a c t i o n  a t  t h e  d is locat ions ,  I t  should a l so  be pointed ou t  t h a t  I 
much l arger  supersaturat ions are requi red t o  nucleate vacancy prec i  p i -  

t a t e s  than bow o u t  d is locat ions ,  and t h a t  the c r i t i c a l  temperature f o r  

vacancy orec l  p i t a t e  not 1 e a t  ion  I n quenched go l d i s about 1 60°C. 



The general conclus ion is '  t h a t  t h e  idea l ized models described above 

should be reasonably good approximations under usual condi t ions.  

I n  view o f  t h e  difficulties mentioned above we have no t  attempted 

t o  o b t a i n  a c lose  q u a n t i t a t i v e  fit of the  idea l ized loss model to  

e x i s t i n g  data. I n  t h e  case of gold, f o r  example, there  i s  the  added 

d i  f f  i c u l  t y  o f  c u r r e n t  unce r ta in t y  w i t h  respect t o  the  proper t ies  o f  

monovacancies and divacancies I t  should a l so  be emphasized t h a t  

t he re  i s  on ly  one case '3 (I.e., t h e  case o f  gold)  i n  which d i s loca t ion  -- 
dens i t i es  have been measured d i r e c t l y  i n  quenched metals. Values i n  

7 t he  range of % 5 x 10 cmm2 were found. Fur ther  measurements o f  t h i s  

quan t i t y  would be o f  g r e a t  in teres t .  

As a f i n a l  t o p i c  we would l i k e  t o  discuss t h e  accuracy w i th  which 

quenching data can be cor rec ted f o r  losses by quenching a t  d i f f e r e n t  

ra tes  and then e x t r a p o l a t i n g  the  resu l t s  t o  an i n f i n i t e  quenching r a t e  

as i n  f i g .  4. This  technique, which has been c r i t i c i z e d  recen t l y  by 

Seeger and Mehrer "), i s  o f  great  importance, s ince it i s  p o t e n t i a l  l y  

t h e  o n l y  way i n  which t h e  e f f e c t  o f  losses may be e l im lnated by a d i r e c t  

method. The techniaue has been c r i t i c i z e d  on the  basis t h a t  t h e  r e s u l t s  

are per turbed by specimen deformation which increases w i t h  t h e  quenching 

rate, However, as Jackson 23) has shown (see sec t ion  2.31, t h e  e f f e c t s  

o f  deformation induced defec ts  are general ly  t o  reduce quenched-in defect 

concentrat ions r a t h e r  than enhance them, s ince t h e  s i n k  e f f e c t  of s t r a i n  

induced d i s loca t ions  I s  more important than t h e  product ion o f  new defects 

by t h e  deformation. I f  experiments show i ncrements which increase w l  t h  

increased quenching r a t e  and approach a f i n i t e  l i m i t  a t  t h e  l i m i t  o f  an 

i n f i n i t e  quenching rate, then it i s  reasonable t o  suppose t h a t  t h e  de- 

creased t ime avai l a b l e  f o r  t h e  d i f f us iona l  loss t o  s inks  more than 



compensates f o r  the e f f ec t s  o f  any increase i n  the  d is locat ion s ink 

density. Since t h i s  i s  found t o  be general ly the  case 7-12) , we con- 

clude t h a t  the t r u e  equ i l ib r ium increment w i th  no losses i s  obtained a t  

t he  l i m i t  of i n f i n i t e  quenching rate. I n  t h i s  respect it i s  o f  i n te res t  

t o  examine the resu l t s  o f  a number o f  experiments o f  t h i s  type which have 

been performed on go ld  presented i n  f i g .  7. The high temperature points 

of  S imons  and Ba l l u f f  i 24) were obtained f nrn measurements o f  specimen 

length and x-ray l a t t i c e  parameter changes under equ i l ib r ium condit ions 

and represent values o f  the t o t a l  absolute concentration o f  vacant la t -  

t i c e  s i t es .  The remaining data, wi th the exception o f  the low tempera- 

t u re  data po in t  o f  Bass 25) , were obtained from e l e c t r i c a l  r e s i s t i v i t y  

quenching experiments where the quenched-in increments were obtained by 

extrapolat ions t o  i n f i n i t e  quenching rates. The corresponding concentra- 

t i ons  were ca I cu lated f ran these data using 1.5 x loa Sl ctn as the resis-  

t i v i t y  o f  1 a t .  % of vacant si tes. This value i s  seen t o  produce a smooth 

g ra f t i ng  together o f  t he  high temperature absolute measurements o f  Simnons 

and B a l l u f f i  and the  remaining r e s i s t i v i t y  based data. Wherever necessary 

the data were converted t o  a common temperature scale corresponding t o  the 

resistance versus temperature data of Meechan and Egg l eston 26) . AI l data 

were a l so  normalized t o  agree with the value o f  2.25 x Q un f o r  the 

r e s i s t i v i t y  of gold a t  25OC from ref. 25). The data are a l l  seen t o  f a l l  

F remarkably well  on a s ing le  curve. The mean absolute percentage deviat ion 

of the 18 data points, a l l  obtained by the ext rapo la t ion technique, was 

4.4%. The r e l a t i v e l y  good agreement o f  t he  data obtained i n  these d i  f- 

ferent  invest igat ions support the conclusion t h a t  t h i s  ex t rapo la t ion tech- 

nique i s  a r e l i a b l e  method f o r  obtaining equ i l ib r ium concentrations frcm 

quench i ng experiments. 

I 



Conclusions: 

( I )  Appreciable vacancy defect losses, p r imar i  l y  t o  d i s  locat ions and 

to a lesser ex ten t  t o  subgrain boundaries, general ly  occur i n  specimens 

quenched from elevated temperatures. 

(2) A r e l a t i v e l y  simple model based upon defect  d i f f u s i o n  l im i ted  

losses t o  e x i s t i n g  d i s loca t ions  (and subgrain boundaries) i s  capable o f  

exp la in ing  t h e  main fea tures  o f  e x i s t i n g  loss data. 

(3)  Exact and r e l i a b l e  ca lcu la t ions  o f  losses are complicated by: 

(a)  a lack o f  p rec ise  knowledge regarding t h e  s i n k  e f f i c i e n c y  o f  d i s lo -  

cat ions; ( b )  poss ib le  increases i n  t h e  d i s l o c a t i o n  s i n k  densi ty  during 

t h e  quench; and (c )  a lack  o f  knowledge o f  the degree o f  defect c lus te r -  

i ng  during t h e  quench and t h e  e f f e c t  o f  such c lus te r ing  on the  losses. 

( 4 )  The method o f  co r rec t i ng  f o r  de fec t  losses dur ing quenching by 

quenching a t  d i f f e r e n t  ra tes  and ex t rapo la t ing  t h e  quenched-in increment 

t o  i n f i n i t e  r a t e  i n  o r d e r  t o  obta in  equ i l i b r i um concentrations i s  a leg i -  

t ima te  technique. 



2.3. .Effects o f  quenching s t r a i n s  

A r a p i d l y  quenched specimen i s  always a t  l eas t  s l i g h t l y  s t ra ined 

d u r i  ng rap id  quenchi ng because o f  : ( I 1 t h e  i nterna 1 stress, due t o  

d l  f f e r e n t i  a  l t h e m a  l contract ion,  which i s  p resent  when t h e  outs l de o f  

t h e  specimen I s  cooled r e l a t i v e  t o  the  i n t e r i o r ;  (2) t h e  appl led st ress 

due t o  the  hydrodynamic drag which I s  exer ted on t h e  specimen i f  it i s  

t plunged i n t o  a l i q u i d  quenching medium . P l a s t i c  s t r a i n i n g  by these 

means may a f f e c t  quenching r e s u l t s  i n  two ways: ( t h e  s t r a i n i n g  pro- 

duces unwanted e x t r a  p o i n t  defects and d is locat ions ;  and (2)  the  ex t ra  

d is locat ions  a c t  as s inks  f o r  both t h e  o r i g i n a l  equ i l i b r i um vacancy popu- 

l a t i o n  and any p o i n t  defects generated dur ing  t h e  quench. The - a p r i o r i  

e f f e c t  of p l a s t i c  s t r a i n i n g  may, therefore, be t o  e i t h e r  increase o r  

decrease the  de fec t  concentrat ion obtained a f t e r  quenching r e l a t i v e  t o  

the equi l i b r i  um concentrat ion depending upon t h e  r e l a t i v e  rnagn ltudes o f  

t he  two e f f e c t s  described above. 

The var ious p o s s i b i l i t i e s  have been invest iga ted extensively by 

Jackson 23) both t h e o r e t i  ca l l y  and experl  menta l l y  . Jackson calculated 

the  maximum p l a s t i c  shear st ra i 'ns i n  gold-wires due t o  i n te rna l  thermal 

stresses a f t e r  l i n e a r  quenching i n t o  water, and t h e  r e s u l t s  are shown i n  

t a b l e  2. He a l so  ca l cu la ted  the hydrodynamic s t r e t c h i n g  s t ra ins  i n  i n l -  

t i a l l y  s t r a i g h t  go ld  wires a f t e r  f a s t  quenching i n t o  water (see t a b l e  3 ) .  

The r e s u l t s  show t h a t  t h e  thenna I l y  generated s t r a i  ns increase wi th  i n -  

creased w i re  diameter, whereas the  hydrodynami ca l l y  induced s t r a i  ns 

- 
f Th is  l a ' t t e r  e f f e c t  is ,  o f  course, absent i n  specimens which are gas- 

quenched i n  s t i l l  gases. 



behave 1 n t h e  oppos i t e  manner. Furthennore, t he  therma l l y generated 

-5 s t r a i n s  are very  smal l (o f  t h e  order  o f  10 f o r  specimens wi th  dia- 

me te rs  s i m i l a r  t o  those usua l ly  employed i n  quenching experiments 

( i , e. , q0.04 1 an). On t h e  o the r  hand, t h e  hy drodynami c s t ra ins  may 

-3 
become as la rge as 3 x 10 f o r  wires o f  diameter near 0.005 cm. Jack- 

son 23) presents ex tens ive  experimental evidence uh ich indicates t h a t  

t h e  ca l cu la ted  quenching s t r a i n s  i n  tab les  2 and 3 are o f  the cor rec t  

o r d e r  of magnitude. 

We must now consider  t h e  po in t  defect and d is locat ion  e f f e c t s  which 

may be  expected from t h e  quenching s t r a i n s  indicated above. I f  it i s  

assumed f o r  purposes o f  maki ng p re l  i m i  nary order-of -magnitude estimates 

f h a t  t h e  p o i n t  de fec t  product ion and d i s loca t ion  generation i n  p l a s t i c  

de format ion  are  independent o f  temperature, then we may estimate from 

experiments at, o r  below, room temperature t h a t  %low7 atom f r a c t i o n  

p o i n t  defects a re  generated i n  gold by a s t r a i n  of (see refs. 27.28) ) 

T h i s  concentrat ion i s  equal t o  t h e  concentrat ion o f  vacancies I n  thermal 

e q u i l i b r i u m  a t  about 375OC (i.e., T(OK)/T ( O K )  = 0.48 where Tm i s  the  m 

m e l t i n g  temperature). Since 375'C i s  an unusually low quenching tempera- 

t u r e  f o r  gold, we may conclude t h a t  the  po in t  defect concentrat ion in -  

duced by quench ing  s t r a i  ns wou l d be of m i  nor  importance under a l l condi - 
t i o n s  except i n t h  i n  specimens I i qu i d-quenched from very low quench i ng 

tempe r a t u  res . 
An upper l i m i t  o f  t h e  d i s loca t ion  densi ty  generated i n  gold by a 

quench 1 ng s t r a i n  of lom3 may also be estimated f ran low temperature data 

g i v i n g  res is tance increases due t o  deformation 27928)  and t h e  speci f i c 

r e s i s t i v i t y  o f  d i s l o c a t i o n s  "). The r e s u l t  i s  about 4 x 10' d is locat ions  : 



-2 cm . (This i s  an upper - l im i t ,  o f  course, s ince d is locat ion annealing 

I would undoubtedly occur a t  elevated quenching temperatures,) I n  the 

I *  case o f  res i s t  i v f t y  quench i ng experiments t h e  res i stance o f  the above 

I dis locat ions would be about the same as t h a t  o f  the s t r a i n  generated 

I p o i n t  defects and would therefore again be of l i t t l e  importance except 

i n  t h i n  specimens liquid-quenched from very Ion quenching temperatures. 

The e f f e c t  o f  s t r a i n  generated d is locat ions as sinks f o r  vacancy 
', ', 

defects during quenching i s  much more d i  f f  l cu  l t t o  es t  imate. I f  we \, \ 

assume t h a t  the  s t r a i n  generated d is locat ions are present during the 

entT r e  quench and ac t  as stat ionary per fec t  l i ne s i  nks f o r  supersatu- 

rated vacancies dur ing the quench, then it i s  read i l y  shown, using the 

methods employed i n  sect ion 2.2, t h a t  a d is loca t ion  density o f  4 x 10 
7 

-2 cm could absorb a s i g n i f i c a n t  f r ac t i on  o f  the  vacancies which were 

i present j u s t  before the quench. It must be emphasized, however, t ha t  

I these assumptions are h igh ly  oversimpl i f ied.  The continuous production 

and thermal annealing o f  the  s t r a i n  induced d is locat ions a t  the elevated 

temperatures would tend t o  decrease the average density below tha t  e s t i -  

mated above. However, t he  newly generated d is locat ions would sweep 

through the sea o f  supersaturated vacancies, and would, therefore, absorb 

i more vacancies than a s ta t ionary  array of  d is locat ions.  Without attempt- 

t ing any deta i led calculati.ons o f  t h i s  complex problem we may conclude 

t h a t  f o r  s u f f i c i e n t l y  h igh quenching temperatures it seems h igh ly  l i k e l y  

1 .  
i t h a t  a s i g n i f i c a n t  f r a c t i o n  o f  vacancies may be absorbed a t  d is locat ions 

! generated by s t  r a  I ns dur ing quench i ng . 
Jackson 2 3  has car r ied  ou t  a series o f  decis lve experiments which 

are consistent  w i t h  the previous discussion. He quenched 0.041 cm d ia  
? 



plat inum wires a t  a r a t e  of 5 .5  x 1 0 ~ ~ ~ * s e c - I  under condi t ions where the  

specimen could be s t ra ined  a predetermined amount by an ex te rna l l y  

I appl ied fo rce  dur ing  t h e  quench. The p o i n t  de fec t  res is tance increment 

I a f t e r  quenching when s t r a i n  was applied, A R ( E ) ,  was then compared t o  the 

increment obtained a f t e r  a s i m i l a r  quench i n  t h e  absence o f  s t ra in ,  A R C O ) .  

I The resu l t s  a re  shown i n  t a b l e  4. I t  i s  seen t h a t  s i g n i f i c a n t  f rac t i ons  

I o f  t h e  vacancy concentrat ions were absorbed a t  d i s loca t ions  generated by 

s t r a i n s  greater  than durlng quenches from t h e  h ighest  temperature. 

The s ink  ac t ion  o f  t h e  d is locat ions  generated by t h e  s t r a i n i n g  during 

I t h e  quenching more than compensated f o r  t he  number o f  excess po in t  de- 

I f e c t s  generated by t h e  s t ra in ing .  Jackson a l s o  concluded t h a t  the  concen- 

I * r a t i o n  o f  vacancies produced by u n i t  s t r a i n  i n  p lat inum i s  much the  same 

I a t  a I I +emperatures between 7e°K and e l  evated quench ing  temperatures. We 

I note t h a t  these conclusions are consistent  w i t h  t h e  demonstration by 

Ruoft  and Bal l u f f  i 30) t h a t  the large so-cal led s t r a i n  enhanced bu l k d i  f -  

fus ion  e f f e c t s  reported by many authors i n  t h e  past  must have been due t o  

experimental e r rors ,  o r  i n  some cases, t o  s h o r t  c i r c u i  t i n g  along d i s  loca- 

t ions. 

E f fec ts  o f  quenching s t ra ins  general ly  cons is ten t  w i t h  t h e  above 

discussion are apparent i n  a large number of quenching experiments. For 

example, Ascoli, e t  at .  '9 found evidence f o r  s t r a i n  induced defects i n  -- 
water quenched 0.0041 an d l a  platinum wires. More recent1 y K i  no and 

Koeh l e r  ') quenched 0.016 an t h i c k  gold r ibbons i n t o  r a t e r  and found a 

small excess r e s i s t i v i t y  increment a f t e r  quenching from very low tempera- 

tu res  which was most l i k e l y  due t o  st ra in- induced defects.  The only work 

i n  disagreement w i t h  t h e  present p o i n t  of view i s  t h a t  o f  Takamura 32) 



who c I aimed evidence f o r  ,the product ion o f  huge numbers of vacancies by 

quench ng s t r a i n s  i n  water quenched go1 d rods w i t h  d l  arneters i n  t h e  

range of 0.10 t o  0.30 Cm. This f nvest i ga to r  claimed t h a t  the  number o f  

vacancies produced by quench s t r a i n s  was of the  same order o f  magnltude 

as t h e  equi l i b r l  um number of vacancies a f t e r  quenches from temperatures 

as h i g h  as 850°C. These r e s u l t s  are seen t o  be i n  d i r e c t  cont rad ic t ion  

t o  +he conclusions o f  Jackson '1 . Moreover, more recent quenching 

experiments by Fra i  k o r  and H i r t h  33) us1 ng speclrnens s imi  l a r  t o  those o f  

Takamura have f a i  led t o  reproduce the  Takamura resul ts ,  and instead are  

cons is ten t  w i t h  Jackson's work and the  present po in t  o f  view. We may 

the re fo re  argue t h a t  t h e  Takamura resu l t s  should not be tdkcls* as evidence 

agai n s t  t h e  present concl us ions. 

Conc I us ions : 

( I Therrna l l y i nduced quench l ng s t r a i  ns dur i  ng t h e  water quench i ng 

- 5 
of  normal specimens (dla<0.041 cm) are smal I ,  i.e., <I0 . 

(2) Hydrodynamic s t re tch ing  s t ra lns  during the water quenching of 

- 4 
normal specimens are larger, i .e., ~8 x 10 f o r  d ia = 0.041 cm and 

*.34 x f o r  d i a  = 0.005 on. 

( 3 )  The number of vacancies generated by quenching s t r a i n s  i s  ex- 

pected t o  be smal l r e l a t i v e  t o  the  number quenched-i n except f o r  t h e  case 

of t h  i n s?ecin=ns l iqu id  quenched from very low quench i ng temperatures. 

( 4 )  Quenching s t r a i n s  of the order o f  lo-' nay be expected t o  gen- 

@rate  enough d i s loca t ions  t o  absorb a s i g n i f i c a n t  f r a c t i o n  of t h e  vacan- 

c ies i n iti a l l y  present a t  elevated quench i ng temperatures. 

(5) A t  elevated temperatures quenching s t ra ins  cause a net  loss of 

vacancies, s ince t h e  s i n k  e f fec t  of the  d is locat ions  which are generated ? 

more than  compensates f o r  the  ex t ra  defects produced by t h e  deformat inn. 
, 



3 .  Meas uremehts o f  vacancy defect  concentrations 

Having considered the inherent perturbat ions t o  the high temperature 

equilibrium vacancy populat ion caused by quenching, we now consider the 

problem o f  measuring the  concentrations o f  the vacancy defects which have 

been quenched i n t o  a pure metal. Idea l ly  one would l i k e  t o  be able t o  

measure d i r e c t l y  the ind iv idua l  concentrations o f  the various vacancy 

clusters, c which are present a f t e r  quenching. However, as pointed out n' 

below, only approximate values o f  the t o t a l  quenched-in concentration o f  

vacant la t t i ce -s i tes ,  c, have been made t o  date. 

3.1. D i rec t  determination o f  the ind iv idua l  concentrations 
o f  vacancy c lusters,  c 

n 

The only present ly ava i lab le  technique f o r  a d i r e c t  determination 

o f  the various cn i s  f i e l d  ion microscopy (F IM) .  This technique could, 

i n  pr inc ip le ,  g ive a measure o f  the p a r t i t i o n  between monovacancies, 

divacancies and higher order c lusters present a f t e r  a quench. An abso- 

lu te  measurement o f  t he  c by FIM would i n  add i t ion y i e l d  the  binding 
n 

energy of the various c l  usters. , As an exGp  le, cons i der a system con- 
i 

s i s t i n g  of on ly  monovacancies and divacancies as i n  f i g .  I. I f  t h i s  

system were quenched from 700°C the observed r a t i o  c2/cI would be deter- 

mined by the divacancy binding energy (see f i g .  I). Hence, it should be 

possible t o  d is t ingu ish  between a low binding energy (0.1 eV) where d i -  

vacancies would be essen t ia l l y  nonexistent (%I ou t  o f  every 1,000 defects 

would be a divacancy) and a high binding energy (0.4 eV) where %I ou t  o f  



every 5 defects wou I d  be .a d i vacancy. We now proceed t o  exam i ne sane o f  

the complications associated wi th the use o f  FIM f o r  the d i r ec t  determi- 

nat ion o f  cn. 

The most s i g n i f i c a n t  problems involved i n  the  determination of cn 

by FIM are: ( I )  the  presence o f  a r t i f a c t  defects; (2) stress induced 

defect migrat ion caused by t he  e l e c t r i c  f i e l d  on the  specimen which would 

tend t o  reduce t he  concentrat ion o f  defects; and (3)  the sampling prob- 

lems associated w i th  observing a s t a t i s t i c a l l y  s i g n i f i c a n t  defect concen- 

t r a t  i on. 

Poss i b l e sources 34) o f  a r t i f a c t  defects are: 

(i) defects formed as the resu l t  o f  f i e l d  evaporation performed 

i n  a he1 iutn-neon gas mixture 35) ; 

(ii) f i e l d  induced chemical etching i n  the  presence of water vapor 

i n  the case o f  tungsten and platinum 36); 

(iii) pre fe ren t ia l  f i e l d  evaporation o f  so lu te  atoms i n  d i l u t e  

a l loys; 

( i v )  a lowering o f  the  f ree energy o f  formation o f  a monovacancy 

due t o  the t e n s i l e  stress produced by the high e l e c t r i c  f i e l d  

a t  the surface o f  a specimen t i p .  

The f i r s t  two sources of  a r t i f a c t  defects l i s t e d  here do not present a 

serious problem since they may be control led by the experimentalist. The 

t h i r d  item i s  a lso not  a serious handicap i f  t he  invest igat ions are 

res t r i c t ed  t o  h igh p u r i t y  (&99.9999 w t .  $1 specimens. The most serious 

possible cause of a r t i f a c t  defects i s  ( i v )  which we sha l l  consider i n  sane 

4 5 -I  t We have assumed a quenching ra te  o f  between 10 and 10 O C  sec f o r  

Phis i l l u s t r a t i v e  example. ? 



deta i l .  We f i r s t  consider the p o s s i b i l i t y  t h a t  the e l e c t r i c  f i e l d  on 

the  t i p  provides a high enough t ens i l e  s t ress  t o  induce s ign i f i can t  

bu lk  defect concentrations. Then we consider the p o s s i b i l i t y  t ha t  

s i gn i f i can t  numbers o f  defecfs can be generated on the  stressed crys- 

t a l  surface planes. 

The bu lk  equ i l ib r ium monovacancy concentrat ion as a function of 

pressure, p, and temperature is, o f  course, given by 

where A G ~ ~  i s  the  Gbbs f ree energy o f  formation; Equation (8) nay 

also be expressed i n  the form 

f where A V E  i s  the..volume o f  formation of a rnonovacancy, po i s  the  gas 

pressure i n  the FIM, and p i s  the pressure on the surface o f  the t i p  due 

t o  the e l e c t r i c  f l e  Id. I t  has often been assumed 37) t h a t  a semi- 

reasonable model f o r  the specimen t i p  's a sphere o f  radius r, so t ha t  the 

2 tension, - po)I, ac t ing on the surface i s  given by E E ~ E  /2 ( i n  mks 

un i t s )  38) where E i s  the e l e c t r i c  f l e l d  (vol ts*m- '1 a t  the surface o f  

the t i p .  Hence, the e f f ec t  of the f i e l d  i s  t o  increase the bu lk  monova- - 
cancy concentratlon r e l a t i v e  t o  i t s  equ i l i b r ium value a t  po and T. The 

quant i ty  o f  concern then i s  the value o f  c ,  (p,T) a t  the imaging tempera- 

ture.  I t  Is not  s u f f i c i e n t  t o  compare only roughly the s i ze  o f  E~~ r e l a t i v e '  



f t o  AVI  I (P  - , s i n c e - a t  the  t y p i c a l  imaging temperatures used i n  f l e l d  

i on  microscopy t h e  value o f  kT i s  qu i te  small .  For example, even i f  the  

f q u a n t i t y  [ E ~  - A V ~  
f I (p  - po)l], i .e., t h e  e f f e c t i v e  formation energy, 

were as smal l as 0.1 eV t h e  induced monovacancy concentrat ion a t  20°K 

wou I d  only be 1.6 x  Hence, a more su l tab  l e  c r i t e r i o n  f o r  t he  lack 

o f  f i e l d  induced vacancies, w i t h i n  the  contex t  o f  the above model, would 

more rea l  i s t i c a l  l y  be t h e  condi t ion t h a t  c l  ( p , ~ ) < l ~ d .  

The above simple spher ical  model f o r  t h e  specimen t i p  i s  however not  

phys i ca l l y  r e a l i s t i c ,  s ince one should a c t u a l l y  solve f o r  the  three dimen- 

s iona l  s t ress  d i s t r i b u t i o n  i n  a  non-spherical t i p  subjected t o  a  s e t  o f  

sur face t r a c t i o n s  which var ies  something l i k e  t h a t  i l l u s t r a t e d  schemati- 

ca l  l y  i n  f i g .  8. Th is  i s  a  rather  d i f f i c u l t  a n a l y t i c  problem because o f  

t he  va r iab le  boundary cond i t ion  on the  t i p  surface, and, hence, the  exact 

s t ress  d i s t r i b u t i o n  w i t h i n  the  t i p  i s  p resent ly  unknown. However, one can 

ob ta in  an est imate of how the  surface tens ion f a l l s  o f f  w i th  distance 

from the sur face by analogy t o  the  problem o f  a  cone subjected t o  a  p o i n t  

load 39). For the  l a t t e r  pmb l em, neg l e c t  i ng t h e  angu l a r  dependence, a  l l o f  t h e  

st resses fa1 l o f f  as l /r2. Hence, one vou l d  expect t h a t  the  s t a t e  o f  s t ress 

a t  and near the  sur face would be very important  w i t h  respect t o  the  lower- 

i ng o f  the f r e e  ,energy o f  format ion o f  a  vacancy, 

Schwoebel 40) has recent ly  used a nearest  neighbor b inding model t o  

f ca l cu l a t e  the  energy of formation of a monovacancy, [!E 1, on various I  hkl 

c r y s t a l  lographi c surface planes of f cc  c r y s t a  1s.' The general resu I t  he 

f i nds  i s  tha t ,  as t h e  coordinat ion number o f  an a t m  on a  g iven plane 

t Further  ca lcu la t ions  by Beeler, presented i n  t h i s  conference, f o r  a  bcc 

c r y s t a l  show the  same general charac ter is t i cs .  



decreases, t h e  monovacancy concentrat ion increases. The calculat ions 

I wh l c h  Schwoebel made were f o r  unstressed c r y s t a  l sur face p lanes, wh I l e  we 

I a re  i n te res ted  i n  t h e  vacancy concentrat ion on a c r y s t a l  surface plane 

( h k l )  i n  t h e  stressed s ta te .  The e f f e c t i v e  formation energy f o r  a mono- 

vacancy on an ( h k l )  sur face plane i n  the  stressed s t a t e  i s  

f 
where (dVI Ihkl i s  t h e  volume o f  formation o f  a vacancy on the ( h k l )  plane, 

and - Po)lhkl i s  t h e  t e n s i l e  s t ress  a c t i n g  on ( h k l ) .  Unfortunately 

t h i s  q u a n t i t y  i s  ra the r  d i f f i c u l t  t o  evaluate a t  present, bu t  it i s  con-' 

f f 
ce ivab le  t h a t  i t could be a good deal smal le r  than C E ~  - A V I  - ~ ~ ) l ] ,  
so t h a t  cl[p,T, ( h k l ) ]  might  become s i g n l f  i c a n t  a t  even the  rather  low 

FIM imaging temperatures. 

The second e f f e c t  o f  t he  st ress produced by the  evaporat ion,or  imaging 

e l e c t r i c  f i e l d  I s  t o  increase the d i f f u s i v i t y  o f  vacancies and t o  there- 

f o r e  cause a s t ress  induced migrat ion which could lower the  observed value 

o f  cn. For monovacancies t h e  d i f f u s i o n  c o e f f i c i e n t  i s  given by 

m 
where a i s  t he  l a t t i c e  parameter, and AGI i s  t h e  Gibbs f ree  energy of 

migrat ion.  Fol lowing procedures s i m i l a r  t o  those employed i n  obta ln ing 

eq. ( 9 )  from eq. (8)  it can be shown t h a t  

( 12) 



where y i s  t h e  GrUneisen constant, x i s  t he  expandab i I i t y ,  and AV lm i s  

t h e  volume o f  migra t ion  o f  a monovacancy.t Since A V ~ " I ( ~  - i s  

pos i t i ve ,  t h e  f i e l d  w i l l  cause a monovacancy t o  anneal a t  an apparently 

lower temperature than it would I n  t h e  absence o f  t h e  f i e l d .  Let  us now 

consider t h e  magnitude o f  t h i s  ef fect ,  I n  t a b l e  5 we present the  resu l t s  

o f  a ca l cu la t i on  o f  t h e  monovacancy d i f f u s i o n  c o e f f i c i e n t  i n  plat inum i n  

t h e  stressed and unstressed state, where a value o f  bvlm = 0.2 atomic 

volume was assumed. tt I t  i s  seen ( f o r  t h i s  value of bvIm) t h a t  t h e  d i f -  

fus ion c o e f f i c i e n t  i n  t h e  stressed s ta te  i s  not  large enough t o  produce an 

observable e f f e c t  as long as the  specimen I s  stressed a t  o r  below 78OK. 

Phys ica l ly  what i s  requ i red  i s  t h a t  t h e  value o f  the  d i f f u s i o n  c o e f f i c i e n t  - 
i n  t h e  stressed s t a t e  be small enough so t h a t  the  roo t  mean square d i f f u -  

s i o n  distance (/;2= G) i s  l e s i  than one l a t t  i ce .pacing, so t h a t  

even subsurface vacancies are  not caused t o  d i f f u s e  o u t  o f  t h e  specimen by 

t h e  e l e c t r i c  f i e  Id. Th i s  i s  seen t d  be t h e  case f o r  t h e  i I l u s t r a t  i ve 

1 
ca l cu l a t  ion o f  monovacanci es i n  p t a t  i num a t  temperatures l ess than %7a°K. 

t The quan t i t i es  a, v and AG were 'a l i considered t o  be pressure depen- 

dent i n  the de r i va t i on  o f  equation (12). We have assurilad ?ha? the  l a t t i c e  

frequency obeys the  GrUnaisen r e ~ a t i b n s h i ~ ,  t h a t  y and x are temperature 

independent, and t h a t  t h e  l a t t i c e  expandabi l i ty  i s  t he  negative o f  t he  

! a f t i c e  compressibi l i t y ,  

tt The only measurement o f  A Y , ~  has been made by Emrick 41) by measuring 

the  pressure dependence of t he  annealing r a t e  o f  defects (monovacancies o r  

divacancies?) i n  quenched gold. He obtained a value o f  0.15 atomic volume 

f o r  bvIm. 



The samp l i ng p rob l em' i n FIM i s  a resu l t o f  t h e  f a c t  t h a t  t he  vacancy 

defec t  concentrat ions i n  quenched metals a re  q u i t e  small. A reasonable 

quenched-in vacancy defec t  concentrat ion f o r  a rap id  quench f ran  near the 

-4 mel t i ng  p o i n t  o f  p la t inum i s  s2 x 10 . Hence, one would have t o  examine 

a t  l e a s t  5,000 atom s i t e s  i n  order  t o  f i n d  on ly  I defect.  Thus t h e  ex- 

pe r imen ta l i s t  must be prepared t o  f i e l d  evaporate through many atomic net  

planes i n  h i s  search f o r  vacancy defects. A s t a t i s t i c a l l y  s i g n i f i c a n t  

number of defects would be %I00 f o r  a cn determination, which impl ies ex- 

5 amining 5 x 10 atom s i t e s  on high index n e t  planes where each atom i s  

f u l  l y  resolved. A main d i f f i c u l t y  w i th  examining these 5 x lo5 a t o m  s i t e s  

i s  t h a t  t h e  atomic r e s o l u t i o n  i s  a func t i on  o f  t h e  s i z e  o f  the plane. An 

exce l l en t  example of t h i s  phenomenon has been g iven by Brenner 42) who 

dissected t h e  (332) plane o f  tungsten one atom a t  a t ime and resolved a 

monovacancy on ly  when t h e  number o f  l a t t i c e  s i t e s  on t h i s  plane had been 

reduced t o  15. Therefore an accurate determinat ion o f  cn would requ i re  

5 on t h e  o rde r  of 5 x 10 frames o f  f i l m  because o f  t h e  necessity f o r  care- 

f u l  incremental f i e l d  evaporatiov of atomic n e t  planes. This problem 

obviously requires some automation o f  the pu lse  f i e l d  evaporation ampli- 

f i c r  and camera recording system.t An examp l e  o f  t h e  atom by atcm dissec- 

t i o n  o f  t h e  (3341 plsns o f  tungsten, us!ng t h e  data recording system i n  

our !aSoratory a t  Cornel l ,  i s  shown I n  f i g .  9. A quant i ty  as large as 

5 5 x 10 fremes of f i lrn i s  by no means c r o h i b i t i v e t t  by modern technological 

+ ' ~ t  Corne! l Vn i vers 1 t y  43) we have c ~ n s t r u c t e d  an external  image inten- 

Si$ ica* lon and data recording system f o r  a f i e !  d ion microscope w i th  ex- 

~ c t l y  t h e  above problem i n  mind. 

ti The quan t i t y  5 x 105 frames of f i l m  represents approximately 335 r o l  Is ? 

of  100-foot f i l m  spools. 



-30- 

standards, and i n  add i t ion ,  many o f  t h e  techniques o f  scanning f i l m  have 

a l ready been solved by h i  gh energy nuclear  phys i c i s t s  44). 

The experimental app l ica t ions  o f  t h e  FIM t o  the  problem o f  absolute 

determinations o f  cn have been ra the r  sparse. The f i r s t  app l ica t ion  of 

t he  FIM t o  t h i s  problem was made'by MUl ler  45). He quenched a plat inum 

specimen from near t h e  me l t i ng  point,  then prepared an FIM t i p  o f  t h i s  

specimen and subsequently f i e l d  evaporated through 71 successive (201) 

planes t o  f i n d  5 vacant l a t t i c e  s i t e s  among t h e  8,500 atoms inspected. 

This small number o f  observat ions i s  c l e a r l y  no t  s t a t i s t i c a l l y  s i g n i f i -  

cant, b u t  the experiment i l l u s t r a t e s  t h e  f e a s i b i l i t y  o f  t h i s  type of i n -  

vest igat ion.  A more recent  experiment on t h e  same problem has been con- 

ducted by Spel cher, e t  a 1 .46) . They focussed t h e  i r a t t e n t i o n  on unquenched -- 
well-annealed p lat inum specimens and found monovacancy concentrations as 

high as 7.5 x 10-5 on t h e  (012) plane a t  21°K. They a t t r i b u t e d  t h i s  t o  

bulk s t ress  induced monovacancies associated w i t h  t h e  f i e l d  evaporation 

process. These concentrat ions are considerably t o o  h lgh  t o  be induced by 

bulk stresses. I t  i s  r e l a t i v e l y  easy t o  showt t h a t  an evaporation f i e l d  

of I.? 1 v o l t s  wou I d  be requi red t o  induce a bu lk  concentrat ion o f  

7.5 x to-' a t  21°K. We there fore  t e l t a t i v e l y  suggest t h a t  the anoma!ously 

high vacancy concentrat ions on the (012) plane may have been the r e s u l t  o f  

f 
an exceedingly low value o f  [(El Ihkl 

I t The expression f o r  t h e  equ i l ib r ium concentrat ion o f  monovacancies was 

taken t o  be exp( 1.5) *cxp( - I  .5eV/kT) from t h e  work o f  Jackson It), and a 

f 
value o f  0.5 atomic volume was used f o r  AV . The value o f  1 (p - ( 

I . necessary t o  s a t i s f y  eq. (9) f o r  a concentrat ion o f  7.5 x loJ a t  21°K 



AS p a r t  o f  a genera 1. program on vacancy defects i n  gold we are em- 

p l o y i  ng the  FIM as a research instrument and have succeeded I n  obtaining 

we1 I developed, s tab le  end forms of gold 47). An example of a gold 

specimen imaged w i th  a 25% Ne-He gas mixture a t  ~16'K i s  shown i n  f i g .  10. 

A t  present, detai led experiments are i n  progress on the imaging charac- 
1 

t e r i s t i c s  of go ld  specimens and a number of  controversial questions con- 

ce rn i ng  vacancy defects i n  gold. I 

I n  conclusion, it i s  emphasized tha t  the f i e l d  ion microscope has a 
1 j 

v e r y  strong potent i a l f o r  so l v i  ng a numb.er o f  outstandi ng prob lems con- 

ce rn i ng  vacancy defects, but  t h a t  there are associated problems with re- 

spec t  t o  a r t i f a c t  vacancies, data recording, and data reduction tha t  must 

a l s o  be simultaneously solved i f  t h i s  potent ia l  i s  t o  be realized. 

3.2. D i rec t  determination of  the t o t a l  concentration 

o f  vacant s i tes ,  c 

i 
./ I 

Although f i e l d  ion microscopy o f f e r s  the only presently ava i l -  : I 
I 

a b l e  method f o r  determining the individual cn values, two other tech- I '  . I 

n iques can be used t o  f i nd . the t o t a  l concentration of- quenched-i n 

.vacant  s i tes ,  c, d i r e c t l y :  i.e., transmission electron microscopy 

and s imu ltaneous measurements o f  length and l a t t i c e  parameter chan- 

1 
ges. The use of e lec t ron microscopy t o  determine c requires tha t  a l l  

of t h e  quenched-i n vacancy defects prec ip i ta te  i n t o  observab le, and 

recogni zab l e defect c lusters.  Under t h i s  condition, and i f  the  re1 a- 

ti onsh l p between the precl  p i t a t e  s i ze  and the  number of vacant s i tes  

s tored i n the preci  p i t a t e  i s  known, the t o ta  l quenched-i n vacant' s i t e  

concentrat  ion can be d l  r e c t l y  detenni ned. Cotter  1 l 1 48 was the  f i r s t  ? 

t o  Use t h i s  technique f o r  concentration determinations over a range of 



quenching temperatures. .His resu I t s  were i n  poor agreement wi th the 

measured equi l lbr ium concentrat lens f o r  go1 d but  t h i s  was probably 

a r e s u l t  of sampling d i f f i c u l t i e s .  Considerable care i n  s t a t i s t i c a l  

sampling must be taken if t h i s  technique i s  t o  be used successfully. 

Regions (e.g., near g r a i n  boundaries) i n  which s i g n i f i c a n t  defect losses 

have occured dur ing e i t h e r  quenching o r  subsequent low temperature anneal- 

i ng  must be avoided. I n  addlt ion, per turbat ions  o f  the  defect s t ruc tu re  

caused by t h e  t h i n  f l l m  techniques (e.g., d i s loca t ion  loop loss from t h i n  

f o i  I s )  must be avoided o r  taken i n t o  account 49) . The problem o f  having 

a de ta i l ed  knowledge o f  t h e  re la t i onsh ip  between the s i ze  o f  t he  vacancy 

p r e c i p i t a t e s  and t h e  number o f  vacant s i t e s  s tored may be considerable. 

I n  cases where the  p r e c i p i t a t e  s t ruc tu re  i s  incompletely understood, as i n  

the  case o f  "b l ack-spot defects" 50) , eva l uat  i on  o f  t he  t o t a  l s 1 t e  concen- 

t r a t i o n  by t h i s  technique may prove inaccurate. 

Another d i r e c t  technique f o r  the  determinat ion o f  the t o t a l  quenched- 

i n  concentrat ion, which somewhat s u r p r i s i n g l y  has never been performed on 

quenched metals, i s  t h e  simultaneous measurement o f  length and l a t t i c e  

parameter changes. These measurements, which have provided our most unam- 

biguous knowledge o f  t h e  t o t a l  vacant s i t e  concentrat ions i n  metals under 

thermal equ i l i b r i um condi t ions,  are wel l  s u i t e d  t o  concentration determina- 

t i ons  i n  quenched metals. I f  f is t he  f r a c t i o n a l  atomic volume re laxat ion  

around a vacancy, then t h e  f r a c t i o n a l  length change w o n  the add i t ion  of a 

concentrat ion c o f  vacant s i t e s  (assuming i s o t r o p i c  d i  l a ta t i on )  i s  given by 

and t h e  f r a c t i o n a l  l a t t i c e  parameter change i s  g iven by 



Aa - =  - - ; c f .  
a 

Subt rac t ing  (14) from (131, we ob ta in  the  we1 I known r e l a t i o n  

I f  a specimen i s  quenched and then annealed a t  temperatures a t  which the 

vacancy defects anneal on l y  a t  pre-ex is t ing sinks such as dislocat ions, 

grainboundaries and surfaces, w i t h  measurements o f  AL and Aa being made 

i n  t h e  as-quenched condition, a t  intermediate points, and i n  the  f u l l y  

annealed s ta te ,  then t h e  t o t a l  vacant s i t e  concentrat ion present i n  the  

ma te r ia l  may be d i r e c t  l y determined by eq. ( 15). . A graph i c representa- 

t i o n  o f  t h i s  type o f  measurement i s  shown i n  f ig.1 I where a value o f  

I 38 L 
f = ;j i s  assumed, and t h e  curves f o r  - L 

and - 3Aa have been p l o t t e d  t o -  a 

gether  so t h a t  t h e i r  asymptotes i n  t he  f u l l y  annealed s t a t e  superimpose. 

The d i f f e r e m b e t w e e n  t h e  two curves i s  always equal t o  t he  absolute 

value o f  c i n  t h e  metal. 

3.3. I n d i r e c t  determinat ion o f  the  t o t a l  concentrat ion 

o f  vacant s i t es ,  c 

Most of t he  experimental inves t iga t ions  o f  defect  concentrations i n  

quenched metals have u t i l i z e d  i n d i r e c t  techniques i n  which a measurement 

of  t he  t o t a l  change I n  some macroscopic property,  Ap, caused by quenching 

i s  made, and t h i s  change i s  then re la ted  t o  the  concentrat ion of  vacancy 

defects through a know ledge o f  the  proper ty  change per  defect.  I n  general 



-34- 

Ap = Cp c n n n '  

where pn i s  t h e  change i n  p due t o  u n i t  concentrat ion o f  vacancy c lus ters  

o f  s i ze n. I f we def i ne an average va l ue, A,  f o r  the  change i n p due t o  

u n i t  concentratbm o f  i n d i v i  dua l vacant l a t t i c e  s i t e s  ( i .e., averaged 

ove r  a l l  c l u s t e r . s I z e s )  then 

I f  t h e  p vary  l i n e a r l y  w i t h  n (i.e., pn = npI) then A = pi. Equations n 

( 16) and (17) show t h a t  c i s  only  s t r i c t l y  p ropor t iona l  t o  Ap when e i t h e r  

no c l u s t e r i n g  i s  present  o r  t he  p vary l i n e a r l y  w i th  n. Possible e f fec ts  
n 

due t o  non - l i nea r i t y  have been customar i ly  ignored i n  quenching experi-  

ments and eq. (17) has, therefore,  been employed,with the t a c i t  assump- 

t i o n  t h a t  A i s  independent o f  c, as an approximation t o  obta in c. The 

q u a n t i t a t i v e  na ture  o f  t h i s  approximation may be i l l u s t r a t e d  by using the 

s imp l e  monovacancy-d ivacancy model wh i ch was used previous l v  t o  ca l cu l ate 

t h e  c l u s t e r i n g  r e s u l t s  g iven i n  t a b l e  I, sec. 2.1. Defect losses d u r i n g  

quenching are neglected, and various amounts o f  c l us te r i ng  which depend 

upon t h e  quenching temperature, t he  divacancy b ind ing  energy, and the 

quenching r a t e  a r e  present i n  t he  f i n a l  quenched specimen. Values of the 

measured t o t a l  p roper ty  increment Ap a f t e r  quenching were calculated 

under the  f o l l o w i n g  two assumptions: 

and, 



I 

i I n  eq. (19) It i s  assum6d t h a t  p2 = 1 . 8 ~  (i.e., the  value o f  p f o r  an I 

i so l ated vacant s i t e  decreases by 10% when it Jo i  ns a d ivacancy 1 .  Some 

r e s u l t s  a re  shown i n  f ig.12 where t h e  dependency o f  t he  Arrhenius p l o t  

I on the  assumptions expressed i n  eqs. ( 18) and ( 19) i s  shown. The e f f e c t  

o f  t he  assumed non- l i nea r i t y  only  becomes not iceable a t  h igh b inding 

energies where la rge  amounts o f  c l u s t e r i n g  are present a f t e r  quenching. 

As may be seen maximum d i  f ferences o f  about 10% occur i n  t he  va l ues of 

Ap obtained. These r e s u l t s  i nd i ca te  t h a t  e r r o r s  of t h i s  magnitude could 

conceivably be present  i n  t h e  determinat ion o f  c from Ap data i f  it i s  

simply assumed t h a t  p va r ies  l i n e a r l y  w i t h  n. Fortunately, the 10% 
n 

f i g u r e  ca lcu la ted  above i s  an extreme value, s ince it corresponds t o  both 

a large amount o f  c l u s t e r i n g  and a la rge  assumed non- l inear i ty .  The 

actual  importance o f  t h i s  e f f e c t  i n  most cases I s  undoubtedly considerably 

smal ler.  For  example, i n  t he  case o f  e l e c t r i c a l  r e s i s t i v i t y  t he  res is -  

t i v i t y  per divacancy i s  thought t o  be o n l y  ~ 5 %  lower than the r e s i s t i v i t y  

due t o  two we1 l spaced monovacancies 51). I t  appears l I ke l y ,  therefore, 

t h a t  eq. ( 171, w i t h  t h e  assumption o f  constant  A, may be used as a reason- 

ab ly  good approximation under most cond i t ions .  A possib le exception t o  

t h i s  i s  i n  t h e  measurement o f  s to red  energy release i n  defect  systems 

where large b ind ing  energies e x i s t .  A ma jor  problem i n  the i n d i r e c t  

techniques i s  t h e  determinat ion of t h e  p r o p o r t i o n a l i t y  f a c t o r  A i n  eq. (17). 

I To date, t he  o n l y  d i r e c t  ways i n  which t h i s  has been accomplished i s  by 

comparing quenched-i n p roper ty  changes w i t h  e i t h e r  abso l u te  vacancy defect 

concentrat ions measured under thermal equi l l brium condi t ions (see, f o r  

example, r e f .  24) 1 o r  t o t a l  vacancy concentrat ions measured by transmis- 

s ion  e lec t ron  microscopy (see, f o r  example, re f .  52) 1. I n  addit ion, : 



approximate values have been obtained from t h e  resu l t s  o f  theore t ica l  

ca l cu la t i ons .  We s h a l l  n o t  g i ve  a de ta i l ed  discussion o f  these resu l t s  

here. Instead, we shal  l focus a t t e n t i o n  on a number o f  o ther  comp l { c a t i o n s  

which e x i s t  i n  t h e  var ious  i n d i r e c t  methods f o r  determining c. 

Bulk p rope r t i es  f o r  which such measurements have been made include 

e l e c t r i c a l  r e s i s t i v i t y ,  volume o r  length, and stored energy. A b ib l i og -  

raphy o f  much o f  t h  i s  work may be found elsewhere 53) . 

3.3.1. R e s i s t i v i t y  measurements 

Measurements o f  e l e c t r i c a l  r e s i s i t i v t y  changes caused by quenching . 

have been used t o  a g rea t  ex ten t  s ince t h e  pioneering experiments of 

Koeh l e r  and coworkers 54) . I n  terms o f  measuring quenched-in defect  con- 

centrat ions,  measurements o f  t he  low temperature e l e c t r i c a l  r e s i s t i v i t y  

(noma l l y  e i t h e r  a t  4.2OK o r  78OK)  are performed on specimens i n  the we1 l 

annealed s t a t e  p r i o r  t o  quenching and then i n  t he  as-quenched condit ion. 

The d i f f e rence  i n  these r e s i s t i v i t i e s  i s  then taken t o  be d i r e c t l y  pro- 

p o r t i o n a l  t o  t h e  t o t a l  concentrat ion o f  quenched-in vacant l a t t i c e  s i t es .  

I t  I s  normal ly assumed t h a t  Matthiessen's ru le ,  i n  which the  t o t a l  re- 

s i s t i v i t y  can be represented as the  sum o f  a temperature dependent l a t t i c e  

res i s t  i v i t y  and a temperature independent p o i n t  defect con t r i bu t i on  55), i s 

v a l i d :  i.e., 

where p I s  t h e  r e s i s t i v i t y  per  u n i t  concentrat ion o f  vacant l a t t i c e  s i t e s .  v 

A l though some dev i a t  i on f rom Matthiessen s r u  l e may i n genera l be expected, 

t he  deviat ions shou I d  be neg l i g i  b l e  f o r  vacancy defects a t  4.Z°K. A t  78OK,? 
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however, dev ia t ions  o f  up t o  10% may occur 5 6 9 5 7 ) .  Under most cond i +ions, 

changes I n  res idua l  r e s i s t i v i t y  may the re fo re  be re la ted  close1 y t o  t he  

t o t a  l quenched-i n vacant s i t e  concentrat ions i f the res 1st  i v i  t y  per  u n i t  

concentrat ion o f  vacant s i t e s  i s  known. The advantages o f  r e s i s t i v i t y  

measurements a r e  t h e  p r e c i s i o n  w i  t h  which they can be made, and the  f a c t  

t h a t  t he  as-quenched s t a t e  i s  compared d i r e c t l y  w i th  t h a t  e x i s t i n g  p r i o r  

t o  t h e  quench. As such, r e s i s t i v i t y  measurements provide probably the  most 

accurate method f o r  t he  compari s i on o f  quenched-! n t o t a l  vacancy concen- 

t r a t i o n s  from t h e  same quench temperature 50,52) 

3.3.2. Volume o r  length change measurements 

D i l a t o m e t r i c  measurements have a l s o  been used extensively  i n  the  study 

o f  quenched-in vacant s i t e  concentrat ions i n  metals (see, f o r  example, 

refs .  32) and 33) 1 .  These invest igat ions,  wh i ch have been performed on 

fcc  metals, have measured the  d i f f e rence  between the  specimen length 

AL AV 
( length changes being re la ted  t o  the  i s o t r o p i c  vol'ume changes by = 

+ 
j u s t  a f t e r  quenching t o  t h e  length a f t e r  t h e  quenched-in defects have been 

f u  l l y  annea led a t  r e l a t i v e l y  low temperatures. , The observed length change 

may then, i n  p r i n c i p l e ,  be re la ted  t o  t h e  quenched-in concentrations i f  

the vo l ume change per  vacant s i t e  i s  known. Since i n  these measurements, 

i n  c o n t r a r t  t o  those u t i l i z i n g  quenched-in r e s i s t i v i t y  increments, t he  

as-quenched specimen i s  n o t  re la ted  d i r e c t l y  t o  the  defect-free specimen 

p r i o r  t o  quenching, s i g n i f i c a n t  add i t i ona l  problems may ar ise.  Here, the  

quan t i t y  measured i s  6(Ap) which may be w r i t t e n  i n  t he  form 



where t i s  t he  t ime  o f  low temperature anneal ing a f t e r  quenching. I n  

general, Ap (t = -1 # o and,therefore, t h e  desl red quan t i t y  Ap (t = o) 

cannot be determined d l  r e c t  ly. The nature o f  t h e  vacancy defect anneal- 

ing e.g., t o d i s l o c a t i o n s  o r  p rec ip i t a tes ,  can p lay an important r o l e  i n  

determining t h e  value o f  Ap ( t  = - 1 .  I f ,  as an example o f  an extreme 

case, a system o f  quenched-in vacancy defects having zero l a t t i c e  relaxa- 

t i o n  subsequent l v  p r e c i p i t a t e  i n  t h e  form o f  large three-dimens ional  

voids the  normal AL technique would lead t o  an apparent conclusion of  no 

quenched-in defects!  Another re la ted  problem i n  length change measure- 

ments can r e s u l t  from t h e  assumption t h a t  an i s o t r o p i c  metal contracts 

i s o t r o p i c a l l y  as t h e  vacancy defects a re  annihilated a t  s inks.  I n  t h e  

work o f  .Frai k o r  and H i  r t h  33) t h i s  assurnpt ion led  t o  observed apparent 

vacancy defect concentrat lons which were considerably smal ler  than should 

have been caused by t h e  quenching t reatment  performed. This  anomalous 

behavior was expla ined on the  basis t h a t  t h e i r  cy l ' i nd r i ca l  s ing l e  c r y s t a l  

specimens contained a grown-in sub-boundary network cons i s t i ng  p r i m a r i l y  

o f  edge d i s loca t i ons  para l  l e l  t o  t h e  a x i s  of  t h e  wire. Defect decay t o  

these d i s loca t ions  then produced an an i s o t  ropy i n t h e  vo l ume cont rac t ion  

such t h a t  very l i t t l e  cont rac t ion  o f  t he  w i r e  length occurred. Clearly,  

s imi l a r  e f f e c t s  cou ld  a l s o  be a problem i n  t h e  ( A L / ~  - technique 

discussed i n  sec. 3.2. 

3 . 3 . 3 .  Other bul k p roper ty  measurements 

Measurements o f  changes i n  p rope r t i es  such as thermoelec t r i c  power, 

and coerc ive f i e l d  s t reng th  and d i f f e r e n t i a l  suscept i  b i l i t y  i n  ferromag- 

n e t i c  metals, which are  sens i t i ve  t o  t h e  presence o f  p o i n t  defects may 

I 



I a l s o  be used i n  t h e  same sense as e l e c t r i c a l  r e s i s t i v i t y  measurements f o r  

I t h e  measurement o f  t h e  t o t a l  quenched-in defec t  concentration. As they 

o f f e r  no essent ia l  departure from the d iscussion already presented they 

w i I I no t  be discussed here fur ther .  Ca lo r ime t r i c  measurements 58) o f  the  

energy s tored i n specimens auenched from var ious temperatures, i n cont ras t  

t o  o t h e r  b u l k  property measurements, enable one t o  measure the  cont r ibu-  

t i o n  t o  t h e  proper ty  per  vacancy, i.e., t h e  formation energy, i n  t h e  same 

experiment by determining the  stored energy release as a func t ion  o f  

quenching temperature. Thus, t h i s  technique, i n  p r inc ip le ,  provides a 

sel f -conta ined s e t  o f  measurements of t h e  t o t a l  quenched-in vacancy defec t  

concent ra t  i on  i f  t h e  quenched-in vacancy popu l a t  ion consists  on l y of  mono- 

vacancies. However, it should be emphasized t h a t  t h i s  measurement i s  no t  

abso lu te  as are  the  measurements described i n  sec t ion  3.2. The possi-  

b i l i t y  o f  s i g n i f i c a n t  non-l inear pn behavior e .  non-zero c l u s t e r  b ind -  

i ng  energies) reduces i t s  value somewhat. 

3 . 4 .  Measurements s e n s i t i v e  t o  an iso t rop ic  vacancy defect  c l u s t e r s  

I n  a d d i t i o n  t o  t h e  methods discussed above, which are i n  genera l 

app l i cab le  t o  t h e  determinat ion o f  the  concentrat ion o f  any quenched-in 

defec ts ,  o the r  techniques e x i s t  f o r  the  measurement o f  the  concentrations 

o f  s o e c i f i c  defect  types which do not have t h e  same s y m e t r y  as t h e  l a t -  

t i c e  i n  which they e x i s t .  These are the  measurements o f  ane las t ic  relaxa- 

t i o n  and the  magnetic a f te r -e f fec t .  
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3.4.1. Anelast ic  re laxat ion  measurements 

The existence o f  vacancy c lus te rs  i n  a l a t t l c e  may g ive r i s e  t o  an 

ane l a s t i  c  re1 axat  ion (a  revers i b  l e  time-dependent response i n one of the  

compliance c o e f f i c i e n t s ) .  This re laxat ion  i s  due t o  the  repopulation o f  

vacancy c l u s t e r s  among s i t e s  which are i n i t i a l  l y  equivalent, bu t  which 

become nonequivalent under an appl ied stress. The only defects which g ive 

r i s e  t o  t h i s  r e l a x a t i o n  are  ones which have a group symmetry which i s  

lower  than t h e  c r y s t a l  group symmetry of the host l a t t i c e  59). The strength 

o f  t h e  r e l a x a t i o n  has been shown by Zener and Nowick and Hel l e r  59) t o  

be p ropor t i ona l  t o  the  c l u s t e r  concentration. Hence, ane las t ic  re laxat ion 

measurements are i d e a l l y  su i ted  f o r  reveal ing the  presence o f  defects such 

as. d ivacancies.(as o r i 9 i n a l  l y  suggested by R. R. Hasigut i  6 3  1. 

I 
The number o f  reported measurements o f  t h i s  type are su rp r i s ing l y  few, 

in v iew o f  t h e  obvious s e l e c t i v i t y  o f  t h i s  technique w i th  respect t o  de- 

f e c t  species. The f i r s t  reported experiments, performed on quenched go1 d, 

were by Neuman 62) who f a i l e d  t o  f i nd  a re laxat ion  which could be c l e a r l y  

a t t r i b u t e d  t o  divacancies. Neuman's f a i l u r e  t o  observe the  divacancy peak 

was la rge ly  due t o  experimental d i f f i c u l t i e s .  He measured a background 

-4 
damping i n  we l l  annealed go ld  w i re  specimens o f  6 x 10 t o  9 x which 

is  q u i t e  h igh  when one considers the  fac t  t h a t  the  strength o f  the  diva- 

cancy re laxa t ion  was expected t o  have a value 62) o f  on l y 23c2. Okuda and 

Has i g u t i  63)  have reported a re laxat ion  i n  gold a t  -50°C which was quenched 

from 1000°C. They a t t r i b u t e d  t h i s  re laxat ion  t o  the presence o f  divacan- 

c i  es, b u t  un for tunate ly  they d id  n o t  measure e i t h e r  the  freauency depend- 

ence o r  the  concentrat ion dependence of t h e  strength of t he  re laxat ion.  

Hence, the exis tence of t h  i s  peak i s  no t  f i r m l y  estab l ished. Very recent1 y 



quenched, i n  s I tu ,  from 800°C. The s t rength  of t h e  re laxat ion  was found -- 
t o  anneal i n  t h e  same temperature range as t h e  defect i n  gold which ac- 

cord ing  t o  res i s t l v i t y  measurements migrates w i t h  an energy o f  about 

'O) 0.70eV and which has been t e n t a t i v e l y  i d e n t i f i e d  as the divacancy . 
I n  conclusion, we wish t o  emphasize the  need f o r  c a r e f u l l y  planned 

a n e l a s t i c  r e l a x a t i o n  measurements f o r  conf i rming the  presence o f  higher 

o r d e r  vacancy c lus te rs .  These measurements must be performed i n  s i t u  -- 
t o  avoid deforming t h e  specimens, g rea t  care should be taken t o  avoid 

thermal s t r a i n s  dur ing  quenching, and a  care fu l  check o f  t he  frequency, 

concentrat ion and o r i e n t a t i o n  dependence o f  t h e  re laxat ion  must be made t o  

conf i rm the  physical  s ign i f i cance  o f  t h e  re laxa t ion .  

3.4.2. Magnetic a f t e r - e f f e c t  measurements 

Magnetic a f te r -e f fec ts ,  such as the  disaccommodation o f  t h e  i n i t i a l  

suscept i  b i  l  i ty ,  which are due t o  the  r e o r i e n t a t i o n  o f  defect  c lus ters  may 

a l s o  be used t o  I d e n t i f y  d i f f e r e n t  de fec t  species 6 5 ) .  We note t h a t  these 

measurements are  r e s t r i c t e d  t o  ferromagnetic meta Is (e.g., Fe, Ni 1 and 

hence represent a  r a t h e r  specia l  ized s e t  o f  measurements. For a  discussion 

o f  these experiments t h e  reader i s  re fe r red  t o  t h e  paper by KronmUl l e r  

presented a t  t h  i s  conference. 

Conclusions : 

( I)  The o n l y  p resen t l y  ava i l ab le  technique f o r  t h e  d i r e c t  

determinat ion of t h e  var ious  cn i s  f i e l d  ion  microscopy. This 

technique has a s t rong  p o t e n t i a l  f o r  ~ o l v i n g  a  number o f  outstanding 



d i f f i c u l t i e s  must be solved i f  t h i s  p o t e n t i a l  i s  t o  be f u l l y  real ized. 

(2 )  There i s  a need f o r  prec ise d i r e c t  measurements o f  t he  

t o t a l  quenched-in concent ra t ion  o f  vacant l a t t i c e  s i t e s  using such 

techniques as t ransmiss ion e lec t ron  microscopy and the simultaneous 

measurement o f  length and l a t t i c e  parameter changes a f t e r  quenchinq. 

( 3 )  The o n l y  data o f  h igh  accuracy which a r e  ava i l ab le  are from 

measurements o f  p roper ty  changes, Ap, due t o  t h e  quenched-in defects. 

O f  these measurements, those which compare t h e  as-quenched s ta te  

d i r e c t l y  w i t h  t h a t  e x i s t i n g  p r i o r  t o  t he  quench (e.g., e l e c t r i c a l  

r e s l s t i v i t y  changes) have t h e  leas t  inherent  problems. However, 

the  change i n  the  proper fv  per  u n i t  concentrat ion o f  vacant l a t t i c e  

s i tes ,  A, must be known, and f u r t h e r  c a r e f u l  measurements o f  these 

q u a n t i t i e s  are  needed. 

( 4 )  Se lec t ive  i n d i r e c t  measurements which a re  sens i t i ve  t o  

the symmetry d i f f e r e n c e  between a defect  c l u s t e r  and i t s  host 

l a t t i c e  (e.g., a n e l a s t i c  r e l a x a t i o n  measurements) can provide 

important in format ion regarding the  concentrat ions, and nature, 

of t h e  s p e c i f i c  quenched-in defects. 



4, Determinat ion of formation,energies and entropies 

In p r i n c i p l e ,  i f  measurements of the equ i l ib r ium concentrations of 
i 

f f the  c are avai lab l e  as a funct ion o f  T, the  E (T) and S ( T I  may be n n < n 

determined i n  a s t ra igh t fo rward  manner. Since we have i n  equi l ibr ium 

that  

cn(T) = o n - e x p ( ~ n f / k ) ~ a x p ( - €  n f / k ~ ) ,  (20 

I and t h e  bas ic  thernodynarni c r e  la t ionsh i p 

I it i s readi  l y  shown t h a t  

( The usual p l o t  of I n  cn versus I/T w i  l l Xhen display curvature i f  

f 
1s s i g n i f i c a n t l y  temperature dependent, but, i n  any case, E ( T I  may be 

n 

determined from t h e  loca l  s lope o f  t h i s  p l o t  using eq. (22) .  As noted 

previous iy, however, t h e r e  have been no d i r e c t  measuremen+s 9+ the C I ' 
and on 1 y t h e  f i e  1 d-ion m i  croscoo e techni m e  seems t o  o f f e r  hope i n t h i s  

d i rec t ion .  I f  i t cou I d  be demonstrated using such a technique t h a t  

cl u s t e r i  ng a f t e r  quench i ng i i ns  i gfi l f l cant, then the  monovacancy prop- 

I er t ie5  could be readi ly determined using t h e  above procedure. However, 

if s i g n i f i c a n t  c l u s t e r i n q  - i s  present the  s i t u a t i o n  becomes ambiguous 

since, as shown i n  sec t i on  2.1, c lus te r ing  dur ing the  quench makes the  

detennlnat ion of t h e  o r i g i n a l  c l u s t e r  d i s t r i b u t i o n s  a t  Tq impossible by 



any d i r e c t  technique. 
t 

A t  t h e  present t ime  t h e  on ly  data o f  any h igh  accuracy which are  

I avai l ab le  are measurements o f  t o t a l  property  change increments, Ap, as 

I a func t i on  o f  temperature. As discussed i n  sec t i on  3.3, non-l inear 

e f fec ts  due t o  c l u s t e r i n g  should be r e l a t i v e l y  small under usual condi- 

t ions, and therefore,  c may be taken t o  be c l o s e l y  proport ioned t o  Ap. 

I The problem i s  then reduced t o  obta in ing  in format ion  about the vacancy 

defects from Ap data where it i s  assumed t h a t  Ap = Aoc and A i s  assumed 

I independent o f  c. I f  an Arrhenius p l o t  of I n  Ap versus 1/T i s  con- 

I strutted, it. might be h m e d  t h a t  in format ion could be obtained from i t s  

I shape. Curvature o f  such a c l o t  could be expected i f :  

( ! 1 appreciab l e  concentrat  ions o f  c l u s t e r s  were present i n  thermal 

I equi l i b r iu rn  a t  T . 
CI ' 

f 
( 2 )  only monovacancies were present, b u t  E, (and S 1 were appre- 

I c i  ab l y temperature dependent. 

t These p o s s i b i l i t i e s  could lead t o  confusion i n  t h e  i n t e r p r e t a t i o n  

I 
I of t h e  p l o t ,  and it i s  there fore  important t o  est imate t h e  magnitudes 

o f  t h e  curvature which cou ld  a r i s e  from these e f f e c t s  separately. 

I 

t We emphasize t h a t  we a r e  concerned i n  t h i s  paper w i t h  t h e  informat ion 

which can be obtained from quenching experiments per se. It may, o f  - 

I course, be poss ib le  t o  deduce o r i g i n a l  c l u s t e r  d i s t r i b u t i o n s  using cer- 

t a i n  mode I s  and assumptions regarding t h e  c l u s t e r i  ng k i  ne t  i cs du r i  ng t h e  

quench. However, a cons i derab l e amount o f  add i t i o n a  l i nformet i on i s  

I then required; e.g., t h e  d i f f u s i v i t i e s  o f  t h e  defects.  



4.1. Arrhen ius o l o t  curvature due t o  thermal equi l i brium 
c l u s t e r  populat ions 

We consider here on ly  t h e  r e l a t i v e l y  simple case where divacancies 

constitute the o n l y  s i g n i f i c a n t  c lus te rs  present. Under these condit ions 

Values o f  Ap = A-c as a f unc t i on  o f  I/T were ca lcu la ted for t r e n y  7,f 

possible parameters, and t h e  r e s u l t s  are shown i n  f i g .  13. As expcctcd, 

the sscond term i n  eq. (241, representing t h e  divacancy cont r ibu t ion  t- 

the t o t a l  concentrat ion, makes a cont r ibu t !on  a t  t he  h igher  temoeraturcs 

b which i ncreases w i t h  an i ncrease i n  e i t h e r  t h e  q u a n t i t y  (S I -S2 1 or  

(E2 -El 1. The divacancy cont r ibu t ions  are  appreciable a t  the  higher 

temperatures f o r  t h e  h igher  divacancy b ind ing enerqies and are seen to 

produce noficeab l e  curvature  i n  these cases. We note t h a t  the  curves 

shown i n  f i g .  13 (and i n  t h e  fo l lowing f i g .  14) 3re arranged a r b i t r a r i l y  

on the  v e r t i c a l  sca le  and are presented main ly  t o  demonstrate how the  

curves change shape and s lope as the  assumed de fec t  parameters are varied. - 
( I +  i r  i n s t r u c t i v e  i n  t h e  present  context t o  s i g h t  a long these curves o r  

!a!/ a s t r a i g h t  edge a long them i n  o tder  to b e t t e r  observe any curva- 

ture) .  We est imate t h a t  t h e  curvature i n  Group 3 ( s l f  = 0 )  wot~ I d  be too 

f 
small t o  detect  exper imental ly .  I n  Group 2 ( S I  = Ik) curvature m i g h t  be 



detectable f o r  E~~ > \O.JeV, whi l e  f o r  Group 3 ( s l  = 2k)  curvature might 

be detectable f o r  E ~ '  > 0.2eV. However, extremely high p rec i s ion  data 

wou l d be requ i red over  a w i de temperature range. These va 1 ues a r e  

phys i ca l l y  possible, and therefore, we may conclude t h a t  bare ly  detect- 

I able curvatures i n  t h e  Arrhenius p l o t  could conceivably a r i s e  due t o  t h e  

f presence o f  e q u i l i b r i u m  divacancies under c e r t a i n  condi t ions.  It i s  

noted t h a t  t h e  p l o t  o f  t h e  experimental data f o r  go ld  i n  f i g .  7 shows 

s l i g h t  p o s l t i v e  curvature which may possib ly  l i e  outs ide experimental 

I uncerta inty.  I t  i s  i n t e r e s t i n g  t o  speculate t h a t  t h i s  may provide sup- 

p o r t  f o r  t he  r e l a t i v e l y  h igh  divacancy b inding energy model o f  Wang, 

e t  a1 . lo) f o r  gold. S i m i  l a r  phenanena might be expected due t o  t h e  -- 
presence o f  h igher  o rde r  c lus te rs  i f  the b ind ing entropies and energies 

I are o f  t h e  necessary magnitudes. 

4 . 2 .  Arrhenius p l o t  curvature due t o  temperature 

I dependent energies and entropies o f  formation 

We consider t h e  s i m ~ l e  case where only rnonovscancies are  ?rescl t  and 

where s and El a re  temperature dependent. Fo l i ow i ng the  recent  t rea+-  

rnent by Nowick and Dienes 67) r e  assume t h a t  Elf  i s  n o t  s t rong ly  dependent 

f 
upon temperature and use a f i r s t  order expans i o n  of El in the form 

! where To i s  a reference temperature, and i3 i s  a constant. Since it i s  
P 

f' 
thermodynamical l y  necessary t h a t  s l  = - (aG1 /aT) it fnl lows t h a t  

P' 



Using eqs. (25) and (261, we therefore have 

[ s l f i i o )  + s I n  ( T / T ~ I  t : - [ ~ ,  f (To) + B(T - T 17). 
c I  = exp .. 

k 3 kT O - J  

Nowick and Dienes have shown, using q u i t e  reasonable thermodynamic e s t i -  

mates, t h a t  almost ce r ta  i n l y 

Flynn 68) has given an approximate expression recen t l y  f o r  the  

temperature dependence o f  t h e  f ree  energy o f  formation o f  a vacancy 

wh ich i nvo lves mai n l y  t h e  temperature dependence o f  the e I a s t i c  shear 

mod" lus. We have used t h e  e l a s t i c  data o f  Chang and Himmel 69) f o r  the  

noble meta Is  t o  evaluate t y p i c a l  temperature dependences o f  E from 

Flynn's work, and we f i n d  temperature dependences which a r e  i n  the same 

67) . 
rangeas  thosepred ic tedbyNowickandDienes  , I . e . ,  101 < k. Values 

of Ap = A*c as a func t ion  of I /T were the re fo re  ca l cu l a ted usi  ng e l .  ( 2 7 )  

f o r  d i f f e r e n t  values of B consistent  w i th  eq. (28) t a k i n g  To = 29a°K, 

f f 
E l  (To) = 0.94eV and S, (To) = 0. The r e s u l t s  a re  shown i n  f i g .  14. Some 

p o s i t i v e  curvature which increases w i th  B i s  ev ident .  However, the  curva- 

t u r e  i s  r e l a t i v e l y  small, and i s  undoubtedly below the leve l  o f  detect ion 

by present  methods. 

4.3. Discussion 

The above resu I t s  show t h a t  there are def i n !  t e  l imi t s  t o  t h e  i n f o r -  

mation which can be obtained from Arrhenius p l o t s  o f  I n  Ap versus I/T. 



I f  detectable curva ture  i s  found, the  presence o f  r e l a t i v e l y  h igh con- 

centrat lons o f  e q u i l i b r l u m  c lus te rs  i s  ind icated.  On t h e  o ther  hand, i f  

no detectable curva ture  i s  observed it can not  be concluded t h a t  t he  

formation energy i s  temperature independent o r  t h a t  t he  e f f e c t s  o f  

c lus ters  a re  i ns  i g n i  f i can t  and t h a t  the r e s u l t s  should be i n te rp re ted  

so le ly  on the  bas i s  o f  monovacancies. For example, i f  apparent rnono- 

vacancy format ion energies a re  der ived from t h e  average slopes o f  t h e  

various curves i n  f i g .  13, which do no t  e x h i b i t  de tec tab le  curvature, 

resu l t s  which d i f f e r  by as much as 5% a re  obtained. S im i l a r l y ,  r e s u l t s  

d i f f e r i n g  by as much as 7% a re  obtained from the  curves i n  f i g .  14. I t  

may be concluded t h a t  e r r o r s  o f  t h i s  magnitude ( o r  less) cou Id  r e s u l t  i f  

the - a p r i o r i  assumption i s  made t h a t  the  s  lope i s  p ropor t iona l  t o  a  temp- 

erature independent monovacancy formation energy. 

It need h a r d l y  be added t h a t  entropies o f  format ion can on ly  be de- 

r i ved  when concentrat ion data are ava i lab le ,  i.e., t h e  value o f  A i n  t he  

r e l a t i o n  Ap = Aoc must be known. 

I t  i s  c l e a r  t h a t  d e t a i l e d  and unambiguous in fo rmat ion  about t h e  

vacancy defects o resent  i n  quenched systems cannot be obta ined from 

quenching ex~er i rnen ts  which cons is t  of measurements o f  c on ly .  Measure- 

rne~ts o f  tF,e concentrations, c  of  the d i f f e r e n t  types o f  vacancy defect 
n  ' 

c lus ters  which may be present  are urgent ly  requl red. I n  c e r t a i n  cases 

add i t iona l  in format  ion f rm other  types o f  experiments (e.9 ., anneal i ng  

experiments and d i f f u s i o n  experiments) may be used i n  attempts t o  i n t e r -  

p re t  quenching experiments. Fur ther  d iscussion o f  these possl b i  l i t i e s  

i s  given elsewhere i n  t h i s  conference. 



Conclusions: 

f f 
( I )  I f  t h e  cn are  known as a func t ion  of T, En (T) (and S (TI )  may 

r! 

be obta ined i n  a simple manner from the  loca l  s lope o f  the Arrhenius p l o t .  

(2)  Unfortunately,  it has n o t  been poss ib le  t o  obta in appropriate 

absolute c data, and genera l l y  the  on ly  data of any h igh accuracy which 
n 

are a v a i l a b l e  a re  measurements of  t o t a l  de fec t  property changes, An. due 

t o  the quenched-in defects.  1.t; i s  usually a goo2 approximation t o  assume 

t ha t  A? is p r o p o r t i o n a l  t o  t h e  t o t a l  concent ra t ion  of vacant s i tes ,  c. 

(3 )  Large defec t  c l u s t e r  populations present  i n  equ i l ib r ium a t  high 

temperatures may cause observab l e  curvature o f  a I n  Ap versus I / T  p l o t .  

However, t he  absence o f  observab l e curvature does not necessar i l y mean 

tha t  c l u s t e r  concentrat ions were neg l i g ib le ,  and t h a t  t he  data can be 

in te rpre ted  soley i n  terms o f  monovacancies. The determination o f  an 

apparent value o f  E from t h e  slope o f  such a curve, d i f f e r i n g  s i g n i f i -  
I 

can t ly  from the  actual  value, could resu l t .  

( 4 )  I t  i s  u n l i k e l y  t h a t  detecfable curva ture  i n  a p l o t  of In AD ver- 

sus I /T can r e s u l t  f ran t h e  temperature deoendence o f  E I ( T I  . However, 

the average slope o f  such a curve (and hence the  avcraqe anparent valuc of 

f f 
E 1 may depend s i gn i f i cant  l y upon the  temperature deeendence of E l  (T)  . 

( 5 )  Entropies o f  format ion can on ly  be der ived from concentrat ion 

data (i.e., the  value of A i n  t he  r e l a t i o n  Ap = A - c v u s t  he known). There 

is, i n  general, an urgent  need f o r  absolute measurements o f  t he  cn as a 

funct ion o f  temperature. 
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T3ble I. The r a t i o  o f  divacancies t o  monovacancies (c2/cI )  f r o z e w i n  a t  

i low temperatures a f t e r  l inear quenches from T f o r  a closed 
Q 

I m monovncancy-d ivacancy system w i t h  E = 0.94eV, E = 0.90sV, 
I I 

s l f  = 0, sZb = 0 i l the divacancy b ind ing entropy) and 

= ,,,-I. 

T = 5 0 0 ° c  ; c 1 0 . 0 7 5 x  l f 5  
9 

b 
E2 (eV) 

0. IT! 
13.29 
0.30 
0.40 

---- 

E - , ~ ( ~ v I  I- 

f 

0.10 
0.20 
0.30 
0.40 

- -- 1 
c#c 

quench i ng r a t e  ( ~ c - s e c - l  ) 

---- .- 

1 o5 
- 

0.537 x 10:: 
0.400 x I?-, 
9.227 x 1 0  '. 
0 . o " ~ ~  x IQ-I 

-- --a 

I 0' 
-- 

O.R07 
0.879 r I?:: 
0.650 x 10 
0.359 1n-l 

1 

c / c I  2 - -- 

wenching r a t e  ( o c a s e ~ - '  1 

1 

13 
4 

-4 
0.658 x lom3 
0.595 x lo-, 
0.388 x 11) ' 
0.188 x lo- '  

I o5 

0.950 x 101; 
0.726 x I0 , 
0 . 3 9 4 ' ~  1 0 -  
0,157 

I 03 I I o4 

0.146 x 10" 
0.157 x l om1  
0,107 
0.469 

0.1 I 8  x 
0.107 x lo- '  
0.654 x lo - '  
0.276 



Tab le  I (continued) 

E2 (eV) I b  I 

quench i ng r a t e  ( Oc*sec" 1 



Table 2. Calculated a) maximum p l a s t i c  shear s t r a i n  i n  gold wires Cue 

t o  i n t e r n a l  thermal stresses a f t e r  l i nea r  quenching i n t o  water. 

) a l l data f r a  reference 23) 

Wire d i a .  

(cm) 

0.04 1 

0.152 

0.317 

&lax. heat f l ux 

removed i n  auench 

(ca I *cm-2*sec-' 

2 40 

225 

2 10 

J 

Max. cool ing 

rate 

( ~ ~ * s e c - ' )  

40 x lo3 

10 lo3 

4.6 x 10 3 

L 

Shesr 

stral n 

( ~ 1 0 ~ )  

1.5 

8.5 

25. 

i 



I 
Tab le  J .  Calculated a) hydrodynamic s t re tch ing  s t r a i n  i f i  i n i t i a l  ly 

I 
b s t r a i g h t  10.2 cm long gold wire  a f t e r  f a s t  quenching i n  

water. 

a) A l l  data from reference 23) 

Wire d i a  
(cm) 

0.005 1 

0.0102 

0.0203 

0.0406 

0,0813 

0.163 

0.325 

b Past qcenc3in3 refers to the use of a c h u n c t e r i s t i e  opt%- 

valoc i tv  of the s~ec imen  tc ?he water (see reference 

. 23) f o r  complete d iscussian) .  

Stretch i ng s t r a i n  
( ~ 1 0 4 )  

33.5 

21.1 

13.2 

8.3 

5.5 

3.3 

1.4 



Table 4. The quantity AR(c)/AR(O) determined experlmeqtal ly a f t e r  

quenching strained and unstralned 0.041 cm dia platinum 

v i res from various temperatures .a) 

P l ast i c shear 

150 0.68 

a) Al l  data from reference 23) 



i ~~b 1 e 5. E f f e c t  of t h e  evaporat ion f i e l  d on the  monovacancy d i  f f u- 

sivity a) i n  a p lat inum f i e l d  ion microscope specimen. 

a) The monovacancy d i f f us i v i t y  was ca l cu l ated f rm ea. ( 12) t l k i  rig 

v = 2 x l 0 I 3  sec-I and GIrn = 1.40 eV ( r e f .  41)  1 .  The evaooration 

8 .  - I  
f i e l d  was taken to be 500 x 10 vo1ts.m . We ~ e ~ ! e c t e d  the 

3 
( - ( - p ) I ]  term s ince it i s  n e g l i g i b l e  w i t h  n s [ l ~ c t  ?n 

0 

AV ,* 
ETl(p - ~~111. To evaluate t he  former term we tcok y 3.z ~ n d  



Figure capt ions 

I 
I f i g .  I .  The r a t l o  o f  divacancles t o  monovacancies, c  /c , versus 
I 2 1 

temperature dur ing a quench from 700°G f o r  various values 

o f  EZb and l inear quench ra te .  The curves were calculated 

us ing eqs. (2 )  through ( 4 )  f o r  a closed monovacancy- 

m f divacancy system w i th  E l f  = 0.94 eV, E l  = 0.90 eV, S ,  = 0, 

b S2 = 0 and v = l 0 I 3  se;'. The arrows ind ica te  values of  

T *  ca l cu la ted  using eq. ( 7 ) .  

I f i a .  2. The ca l cu la ted  r a t i o  o f  divaca'ncies t o  monovacancies, 

I c2/c I, frozen- i n a f t e r  a quench from 70O0r as a funct ion 

o f  t he  l i n e a r  auenching r a t e  f o r  the  spec i f i c  vacancy 

~a ramete rs  given. This example shows the large uncer ta inty  

I i n  at tempt ing t o  ex t rapo la te  measured c data a f t e r  nuenchina 
n 

I t o  o b t a i n  t h e  equ i l i b r i um c values a t  the  quench temperature, n 

T (i.e., a t  i n f i n i t e  auenching ra te ) .  
9 

f i g .  3. The f r a c t i o n a l  r e s i s t i v i t y  quenched Tnto 0.041 cm d ia  gold 

I wires as a func t i on  o f  quench temperature f o r  var ious 

quench i ng media and, therefore,  quench i ng rates from the  

work o f  F l  ynn, .- e t  - a I. 3 . Quenching times f o r  the various 

media were i n  t he  range 0.025 sec (water) L T 5 4.3 sec ( a i r ) .  
(1 

I 

I f iq .  4. The quenched-i n  r e s i s t i v i t y  increment i n  qold from two 

d i f f e r e n t  quench temperatures, T = 700°C and 85Q0U, as a a 

f u n c t i o n  o f  auenching r a t e  from the  work of Flynn, e t  a l O 7 ) .  

Th is  example shows the  r e l i a b i l i t y  of the  technique o f  



e x t r a p o l a t i n g  t o  i n f i n i t e  quenching r a t e  t o  co r rec t  f o r  

vacancy losses during quenching. 

f i g .  5. The quenched- i n monovacancy concentrat ion, c as a 1 ' 
func t i on  o f  quench temperature f o r  various l i near 

quenching ra tes .  The curves were calculated f o r  a 

simple monovacancy system w i t h  t h e  vacancy parameters 

7 -2 shown and w i t h  a d t s loca t l on  s i n k  denslty o f  5x10 cm . 

f i g .  6. The quenched- I n monovacancy co'ncentration, c as a 1 ' 
func t i on  o f  quenching r a t e  f o r  var ious quench tem~era tu res ,  

T . The curves were ca lcu la ted  f o r  a s i m ~ l e  monovacancy 
9 

system w i t h  the  vacancy parameters shown. Separate curves 

a re  shown f o r  losses t o  subgrain boundaries and d i s loca t i ons .  

f i g .  7. The t o t a l  concentrat ion o f  vacant l a t t i c e  s i t e s  i n  g o l d  as 

a f u n c t i o n  o f  temperature as determined by e q u i l i b r i u m  

measurements 24) and quenched- i n e l e c t r i c a l  res 1 s t  i v i  t y  
7-10,12) I 

where t h e  quenched-in increments were obtained by ex t rapo la t i ons  

t o  I n f i n i t e  quenching rate.  The r e s i s t i v i t y  data were f i t t e d  

together  us ing a common temperature scale 26) and the  value 

-6 
o f  o o ( 2 5 0 C )  ~ 2 . 2 5 ~  10 Qcm ( r e f .  25)) ,  and were 

- 6 
converted t o  concentrat ions us ing  1.5 x 10 R cm as t h e  

r e s i s t i v i t y  o f  I  a t .$  of  vacant s i t e s .  

f i g .  8. A schematic representat ion o f  t h e  s t ress  d i s t r i b u t i o n  on 

a t y p i c a l  f i e l d  ion microscope specimen t i p  end form 



caused by t h e  imaging f i e l d ,  E. The end form i s  de- 

s c r i  bed by two rad i i o f  curva ture  R and R/2. 

f i g .  9. The atom by atom d issec t ion  o f  a (334) plane o f  tungsten 

i n i t i a l l y  conta in ing 10 atoms. The conf igurat ion and 

number o f  atoms remaining are  presented schematically 

below each frame f o r  c l a r i f i c a t i o n .  The arrows indicate 

t h e  s i t e s  from which t h e  atoms were removed between suc- 

cessive frames. F i e l d  micrographs are  from unpublished 

work by R, M. Scan Ian, 0. L. S t y r i s  and D. N. Seidman. 

f i g .  10. A f i e l d  i on  micrograph o f  a w e l l  developed, s table end form 

of gold, imaged w i th  a 25% Ne-He gas mixture a t  Q 16OK. 

f i g .  I I .  

Micrograph frm research o f  D. G. Ast and D. N. Seidman 47). 

A graphic representat ion o f  t h e  measurement o f  the t o t a l  

vacant s i  t e  concentration, c, by t h e  simultaneous measure- 

ment o f  length and l a t t i c e  parameter changes a f t e r  quenching. 

The curves f o r  (3AL/L) and (3Aa/a) have been p lo t ted  toqether 

so t h a t  t h e i r  asymptotes i n  t h e  f u l l y  annealed s ta te  

superimpose. The d i f fe rence between these curves i s  then 

equal to c.  

The e f f e c t  o f  non-l i n e a r i t y  o f  t h e  pn on the  observed I n Cy 

ve rsus ' l /T  p l o t .  The curves were ca lcu la ted f o r  a 

closed monovacancy-divacancy system using the  parameters 

given. Two cases were considered: (a )  t h e  l i nea r  case, 

where p2 = 2 ~ ~ ,  and ( b )  a non- l inear  case, where D = 1.8 p 
2 I .  



The curves a re  presented us ing an a r b i t r a r y  v e r t i c a l  

scale f o r  c l a r i t y .  

f i g .  13. Arrhenius p l o t s  of  I n  (A"c)  versus 1/T calculated fo r  a 

monovacancy-divacancy system i n  thermal equi l ibr ium 

using ea. (24) w i th  the  var ious  vacancy parameters given, 

showing t h e  v a r i a t i o n  o f  curva ture  and s l o ~ e  as the defect 

parameters a r e  changed. The curves are presented using an 

a r b i t r a r y  v e r t i c a l  scale f o r  c l a r i t y .  

f i g .  14. Arrhenius p l o t s  of  I n  (A -c , )  versus I / T  ca lcu lated f o r  

I 

a monovacancy system w i th  a temperature dependent energy 

and entropy of formation us ing  eq. (27) w i th  various values 

o f  t he  ~ a r a m e t e r  B cons is ten t  w i t h  eq. (28). The.curves 
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