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DISSOLUTION KINETICS OF PRECIPITATES OF DIVALENT 
CADMIUM IN SODIUM CHLORIDE STUDIED BY MEANS OF 

IONIC THERMOCONDUCTIVITY * 

Rosanna Cape l le t t i and E m i c o O k u n o 

A B S T R A C T 

In O H ~ "free" NaCI: Cd system the isothermal time evolution of the solution process of I.V. 
(impurity-vacancy) dipoles to achieve the thermodynamical equilibrium was studied by means of the I.T.C. 
(ionic thermoconductivity) method in the annealing temperature range f rom 323 to 423 K. Two stages were 
found, both described by a monomolecular first order kinetics. The early fast stage and the subsequent slow 
one are characterized by activation energies of 6 1 ~ 1 eV and €2 ~ 0.8 eV, comparable with the activation 
energy f o r i m p u r i t y d i f f u s i o n , and pre-exponential frequency factors VQI ~ 6 X 10 and 
^02 ~ 3 X 10 sec . The sources of I.V. dipoles in the two stages were tentatively identified wi th dipolar 
precipitates responsible for the additional peaks in I.T.C. spectrum. The energy required to decompose one 
kind of the above microprecipitates 6̂  ~ 0.24 eV is close to the solution energy of I.V. dipoles, 

B 
The role of preannealing on thermodynamical equil ibrium value/7j and on the solution kinetics was 

also analyzed. 

Recent p r e c i p i t a t i o n and s o l u b i l i t y measu remen ts ' ^ " ^ * s h o w t h a t t h e k n o w l e d g e o f t h e 

aggregat ion state o f d i va len t ca t i on impu r i t i es in a lka l i hal ides is p r e l i m i n a r y t o b o t h op t i ca l and 

e lect r ica l s tud ies. I n f o r m a t i o n a b o u t p r e c i p i t a t i o n p h e n o m e n a is s t i l l res t r i c ted and somet imes 

c o n t r a d i c t o r y ' ^ ' ^ * , ch i e f l y w i t h regard t o the na tu re o f t he f i r s t p r e c i p i t a t i o n p r o d u c t s . T h e 

occu r rence of-an initial stage o f d i m e r i z a t i o n ' " * ' o f I .V. ( i m p u r i t y - c a t i o n vacancy) d ipo les was 

r e c e n t l y discussed b y C r a w f o r d ' ^ - ^ ° ' and W i n t l e ' ^ ^ ' : t h e l a t t e r has s h o w n t h a t a 

d i f f u s i o n - c o n t r o l l e d d i m e r i z a t i o n reac t ion can s imu la te the t h i r d o rde r k i ne t i c s , e x p e r i m e n t a l l y 

de tec ted b y m a n y au tho rs b y means o f var ious techn iques in d i f f e r e n t a lka l i ha l ide 

s y s t e m s ' ^ " ^ ' \ ° * . P rec ip i t a t i on o f d i va len t i m p u r i t i e s o u t o f t h e so l id s o l u t i o n is accompan ied 

b y t h e g r o w t h , in a d d i t i o n t o m i c rop rec i p i t a t es , o f larger aggregates o f metas tab le phases and 

stable seg rega ted 'ones , w h i c h we re de tec ted b y means o f x - ray d i f f r a c t i o n ' ^ 2 ' , e l ec t r on 

m i c r o s c o p y ' ^ 2 ' , and Mossbauer s p e c t r o s c o p y ' ^ ' * ' . 

O n t h e o t h e r hand the s o l u t i o n o f t he i m p u r i t i e s can s u p p l y a c o m p l e m e n t a r y v i ew o n t h e 

na tu re o f t h e p rec ip i ta tes . T h e s t u d y o f t he t h e r m o d y n a m i c a l e q u i l i b r i u m ' ^ ' c o n c e n t r a t i o n 

o f I .V. d ipo les vs. t e m p e r a t u r e gave cons ide rab l y l ower s o l u t i o n ac t i va t i on energies f o r I .V. 

d ipo les o f t he o rde r o f 0 .1-0 .2 e V in var ious systems. Mo reove r i t was s h o w n t h a t t h e 

t h e r m o d y n a m i c a l e q u i l i b r i u m value is reached q u i t e s l o w l y even at ra ther h igh annea l l ing 

tempera tu res . 

* Separata do "Journal of the Electrochemical Society" V o l , 120, N? 4, April 1973. 

• * On leave f rom Instituto de Física da Universidade de São Paulo and Instituto de Energia A t ô m i c a , 

São Paulo, Brazil. 

Key words: alkali halides, solution of impurities, dielectric properties, dissolution kinetics. 



I n o u r o p i n i o n a deta i led analysis o f t h e i so therma l t i m e e v o l u t i o n o f I .V. d i p o l e 

c o n c e n t r a t i o n in t h e s o l u t i o n process can t h r o w l igh t b o t h o n t h e d y n a m i c s o f t h e s o l u t i o n 

reac t ion and o n t h e na tu re o f I .V. d i p o l e sources. Moreove r a d d i t i o n a l i n f o r m a t i o n can be 

gathered f r o m the s o l u t i o n k ine t i cs b y a f f ec t i ng the n a t u r e and d i s t r i b u t i o n o f t h e ear ly 

p rec ip i ta tes b y s u b m i t t i n g the sample t o su i tab le p reannea l ing . 

T o m o n i t o r t he I.V. d i po le c o n c e n t r a t i o n w e e m p l o y e d the ion ic t h e r m o c o n d u c t i v i t y 

m e t h o d * ^ ^ ' w h i c h , due t o its h igh sens i t i v i t y , a l lows the d e t e c t i o n o f r e l axa t i on peaks 

associated w i t h even l o w c o n c e n t r a t i o n o f d i p o l a r m i c rop rec ip i t a t es . Mo reove r I .T.C. runs are 

p e r f o r m e d at t empera tu res be low 2 7 3 ° K so t h a t t he p o i n t de fec ts s i t u a t i o n d e t e r m i n e d b y 

anneal ing a t h igher tempera tu res can be f r o z e n i n . We chose NaCI : Cd sys tem because 

p r e c i p i t a t i o n measurements* ' * ' suggested t h a t de fec t m o b i l i t y is h i gh , so t h e t h e r m o d y n a m i c a l 

e q u i l i b r i u m c o n c e n t r a t i o n can be achieved in a reasonably s h o r t t i m e . 

E x p e r i m e n t a l Procedures 

T h e samples we re g r o w n in o u r l a b o r a t o r y b y means o f t h e K y r o p o u l o s m e t h o d in 

c o n t r o l l e d a tmosphe re ( d r y n i t rogen) in o r d e r t o m i n i m i z e c o n t a m i n a t i o n b y O H ' , H2O, and 

o x y g e n * ^ " , w h i c h are present in air and a f fec t s o l u b i l i t y and p r e c i p i t a t i o n p h e n o m e n a * ^ ^ ' . 

C a d m i u m d i c h l o r i d e salt was added t o the m o l t e n NaCI in percentages ranging f r o m 10" * t o 

10"^ b y w e i g h t . 

In o rde r t o get samples w i t h very l o w O H " c o n c e n t r a t i o n « 1 0 ' ' ' / c m ^ ) , t h e s ta r t ing 

powde rs we re s u b m i t t e d t o a su i tab le p rocedure . A n a l te rna t i ve t r e a t m e n t w i t h CI2 f o l l o w e d b y 

HCI (at t h e pressure o f ~ 2 5 0 m m Hg) is very e f f i c i e n t in e l i m i n a t i n g O H ' , 0 " ' , B r ' , and 1' i f 

t h e gases react in t h e p o w d e r e d salt at a b o u t 7 0 0 ° C , i.e., a b o u t 100° b e l o w the m e l t i n g p o i n t o f 
NaC I < i 9 - 2 0 ) . 

T h e I .T.C. measurements were p e r f o r m e d b y the ususal t e c h n i q u e ' * ^ ' . T h e c rys ta l slab 

(area: 2-3 c m ^ , t h i ckness : 0.5-1 m m ) was po la r i zed in a s ta t i c e le t r i c f i e l d ( ranging f r o m 10* t o 

3 x 1 0 ' * V / c m ) f o r 3 m i n at t h e t e m p e r a t u r e 7"p and t hen coo led d o w n t o the t e m p e r a t u r e Tf, 

genera l ly 120° K; a f te r w h i c h the f i e l d was sw i t ched o f f . D u r i n g these steps the d ipo les become 

po la r i zed a t sa tu ra t i on and remain o r i en ta ted in the same c o n f i g u r a t i o n o b t a i n e d a t t h e 

po la r i za t i on t e m p e r a t u r e , because at l o w t e m p e r a t u r e the re laxa t ion t i m e is p rac t i ca l l y i n f i n i t e . 

T h e c rys ta l was t h e n w a r m e d u p a t t he near ly cons tan t rate o f 0 . 1 ° K / s e c : t h e d i p o l e re laxa t i on 

t i m e f o r o r i e n t a t i o n gets shor te r and t h e d ipo les lose t he i r p re fe r red o r i e n t a t i o n g iv ing rise t o a 

d e p o l a r i z a t i o n c u r r e n t . Th is was de tec ted at l i near ly increasing t e m p e r a t u r e b y a v i b ra t i ng reed 

e l ec t r ome te r (Cary 3 1 V ) and recorded b y Speedomax . T h e apparatus can measure cu r ren ts as 

l o w as 1 0 ' ' * A . 

T h e p rocedu re f o l l o w e d in o rde r t o o b t a i n s o l u b i l i t y and p r e c i p i t a t i o n curves is descr ibed 

in de ta i l in a prev ious p a p e r ' ^ ' . 

T h e aging o f samples at t empera tu res b e l o w 5 3 0 ° K was p e r f o r m e d d i r e c t l y in t he 

measur ing c r y o s t a t ; in o rde r t o " q u e n c h " the sample the c r y o s t a t was f i l l ed w i t h d r y N j and 

coo led d o w n t o 2 7 3 ° K in a t i m e shor te r t h a n 4 m i n . 

T w o c r y o s t a t s w i t h d i f f e r e n t pe r fo rmances were e m p l o y e d : t he f o r m e r , w i t h ver t ica l 



i d e n t i c a l shaped a l u m i n u m e lect rodes assured t h e m i n i m u m t e m p e r a t u r e g rad ien t t h r o u g h t h e 

samp le ; in t h e la t te r , w i t h h o r i z o n t a l go ld e lec t rodes , the t o p one can be p u t In c o n t a c t w i t h 

l i q u i d n i t r ogen i n o rde r t o get a ve ry fas t q u e n c h i n g o f t h e sample. T h e e lec t r i ca l c o n t a c t 

b e t w e e n sample and e lec t rodes was i m p r o v e d w i t h co l l o i da l g raph i te . T h e r e p r o d u c i b i l i t y o f 

measurements was w i t h i n 2 % . 
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F ig . 1 . I o n i c t h e r m o c u r r e n t o f N a C h C d ( O H " f r e e ) : t h e po la r i za t i on t e m p e r a t u r e is i nd i ca ted b y 

an a r r o w . 

Results 

T h e i o n i c t h e r m o c o n d u c t i v i t y curve f o r a sample o f N a C I : C d " c h l o r i n a t e d " as descr ibed 

above , a n d po la r i zed a t 2 5 2 ° K shows th ree p r i nc ipa l peaks a t 1 7 4 ° , 2 2 0 ° , and 2 5 0 ° K . 

T h e ac t i va t i on .energ ies f o r o r i e n t a t i o n o f the d i p o l e responsib le f o r the th ree peaks are 0 .4 ; 

0 .67<*6 ) ^ and 0 .62 e V . T h e peak a t 2 2 0 ° K (peak A ) is d u e t o I .V, d i p o l e r e l a x a t i o n , t h e peak a t 

174° (peak B) is re la ted t o m i c r o p r e c i p i t a t e s , and t h a t at 2 5 0 ° K (peak C) was usua l l y d e t e c t e d 

i n samples w i t h ve ry h igh C d c o n c e n t r a t i o n ' ^ ' . T h e curve in F i g . 1 cor responds t o t h e I .T .C. o f 

a sample "as r e c e i v e d " , i.e., a f te r aging f o r a l o n g t i m e a t r o o m t e m p e r a t u r e . T h e i so the rma l 

t i m e e v o l u t i o n o f I .V. d i p o l e c o n c e n t r a t i o n t o achieve t h e t h e r m o d y n a m i c a l e q u i l i b r i u m va lue 

was s tud ied b y measur ing t h e I .V. d i p o l e c o n c e n t r a t i o n * as a f u n c t i o n o f t h e aging t i m e a t a 

g iven t e m p e r a t u r e , u n t i l a sa tu ra t i on is reached. 

T h e i so the rma l t i m e evo lu t i ons o f I .V. d ipo les were s tud ied f o r annea l ing t empe ra tu res 

T : 3 2 3 ° . 3 3 1 ° , 3 4 0 ° , 3 4 6 ° , 3 5 3 ° , 3 6 4 ° , 3 7 4 ° , 3 9 0 ° , 4 0 5 ° , and 4 2 3 ° K . I n F i g . 2 are s h o w n t h e 

The concentration can be evaluated f rom the area under dipole peak or f rom the height if the warming The concentration can be evaluated f rom the are; 
rate during I.T.C. measurements is held constant'^' . 
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F ig . 2 . S o l y b i l i t y curves a t = SSS^K. I n t e n s i t y o f peak A (curve 1 ) and peak B (curve 2 ) vs. 

annea l ing t i m e in a sample aged o n l y a t t empera tu res l o w e r t h a n 3 4 6 ' ' K ( f i r s t r u n ) . 

Curve 3 a n d 4 , t h e same as above , b u t re la ted t o same sanfiple annealed a t B . T . a f t e r 

g e t t i n g curves 1 a n d 2 (second r u n ) . 

s o l u b i l i t y curves a t = 3 5 3 ° K f o r peak A (curve 1) and f o r peak B (curve 2 ) in a sample aged 

o n l y a t t empera tu res l owe r t h a n 3 4 6 ° K . S o l u b i l i t y curves a lways at = 3 5 3 ° K f o r peak A 

(curve 3 ) a n d peak B (curve 4 ) are re la ted t o t h e same sample b u t annealed a t r p o m 

t e m p e r a t u r e a f te r o b t a i n i n g curves 1 a n d 2 . F igu re 2 exemp l i f i e s t h e .behav io r o f s o l u b i l i t y 

curves i n t h e annea l ing t e m p e r a t u r e range be tween 3 2 3 ° a n d 3 7 4 ° ' K b o t h f o r f i r s t anA second 

r u n . I t m u s t be p o i n t e d o u t t h a t t h e h igher t h e annea l ing t e m p e r a t u r e T^, t h e fas ter t he 

• » l u r a t i c « value was ach ieved. A change in t h e s o l u b i l i t y c u r v e behav io r o c u r r e d b e t w e e n 3 7 4 ° 

wo 

Annealing time thours{ 

F ig . 3 . S o l u b i l i t y curves ( f i r s t r u n ) a t d i f f e r e n t annea l i ng tempera tu res f o r I . V . d i po les 

(peak A ) . T h e d i p o l e c o n c e n t r a t i o n was no rma l i zed - t o t h e s a t u r a t i o n va lue a t each 

anneal ing t e m p e r a t u r e . Curve a': = 3 6 4 ° K , c u r v e b : = 3 7 4 ° K , a n d cu rve c : 

= 3 9 0 ° K . 



3 9 0 ° K , as can be observed in F ig . 3 , w h e r e t h e I .V. d i p o l e c o n c e n t r a t i o n n o r m a l i z e d t o t h e | 

sa tu ra t i on va lue at each Tg vs. annea l ing t i m e are c o m p a r e d f o r f g = 3 6 4 ° , 3 7 4 ° , and 3 9 0 ° K , 

respect ive ly curves a, b, and c. O n go ing f r o m 3 7 4 ° t o 3 9 0 ° K t h e s o l u b i l i t y process was s lowed 

d o w n a n d t h e s a t u r a t i o n va lue was a t ta ined in a longer t i m e . S ta r t i ng f r o m = 3 9 0 ° K t h e 

rate o f s o l u t i o n became again faster b y increasing t h e annea l ing t e m p e r a t u r e . 

T h e i so the rma l t i m e e v o l u t i o n o f t he s o l u t i o n process was s t r o n g l y a f fec ted b y t h e 

" t h e r m a l h i s t o r y " o f t h e sample . I n F i g . 4 are s h o w n t h e p r e c i p i t a t i o n and s o l u b i l i t y curves a t 

= 3 3 1 ° K . Curve a shows the p r e c i p i t a t i o n o f I .V. d ipo les a f te r q u e n c h i n g f r o m 

7"p = 4 7 0 ° K ; curve b, t h e s o l u b i l i t y a f te r q u e n c h i n g f r o m 7"^ = 4 7 0 ° K f o l l o w e d b y a 

p r e c i p i t a t i o n a t r o o m t e m p e r a t u r e ; curve c (open c i rc les) , t he s o l u b i l i t y o f a sample annealed a t 

r o o m t e m p e r a t u r e a f te r o b t a i n i n g curve a ; curve c ( f u l l c i rc les) , t h e s o l u b i l i t y o f a sample 

annealed p rev ious l y a t t h e same and le f t at r o o m t e m p e r a t u r e . B o t h curves a and c show a 

m o n o t o n i e decrease a n d increase, respect ive ly , t o t h e sa tu ra t i on value n^, w h i l e curve b shows 

an in i t i a l ove rshoo t f o l l o w e d b y a s m o o t h decrease t o n^. 

F r o m F ig . 2 and 4 i t t u r n s o u t t h a t t he same sa tu ra t i on va lue a t a g iven is o b t a i n e d 

i n d e p e n d e n t l y o f t h e p rev ious " t h e r m a l h i s t o r y " o f t h e sample . 

T h e resul ts r epo r t ed above we re checked o n d i f f e r e n t samples. 

Discussion 

Influence of preannealing on the solution reaction. - T h e e x p e r i m e n t a l results show 

t h a t t h e s o l u t i o n process a t a g iven Tg is a c o m p l e x one depend ing o n the t h e r m a l h i s t o r y o f t h e '. 

sample , even i f t h e sa tu ra t i on va lue A7J is the same, as one w o u l d e x p e c t f o r t h e r m o d y n a m i c a l 
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Fig . 4 . P rec ip i t a t i on a n d s o l u b i l i t y curves f o r I .V. d ipo les at = 3 3 1 K. Curve a : 

p r e c i p i t a t i o n , a f te r q u e n c h i n g f r o m = 4 7 0 ° K ( o n l y a pa r t o f curve is d r a w n f o r t h e 

sake o f conven ience ; t he o rd i na te at f = 0 is I j - 1 2 0 0 ; curve b : s o l u b i l i t y a f te r 

q u e n c h i n g f r o m 7"^ = 4 7 0 ° K f o l l o w e d b y p r e c i p i t a t i o n a t R.T. ; and curve c: ( open 

circles) s o l u b i l i t y o f t h e sample annealed at R.T. a f te r ge t t i ng curve a ; ( f u l l c i rc les) 

s o l u b i l i t y o f t he sample annealed at R.T. a f te r ge t t i ng curve c (open c i rc les) . 



e q u i l i b r i u m s i t u a t i o n . As s h o w n in F ig . 2 the I .V. d i po le c o n c e n t r a t i o n g rows m o n o t o n i c a l l y 

w i t h the anneal ing t i m e w h i l e d ipo les responsib le f o r t he small peak B decrease t o a sa tu ra t i on 

value in b o t h runs . Th is behav io r suppor t s t h a t peak B mus t be related t o p rec ip i ta tes , whose 

d i sso lu t i on c o n t r i b u t e s t o the I .V. d i p o l e g r o w t h . T h e sa tu ra t i on value o f I .V. d i p o l e 

c o n c e n t r a t i o n is reached m o r e q u i c k l y in the second annea l ing , f o r ins tance, a t 7"^ = 3 5 3 ° K 

t h e sa tu ra t i on is ob ta i ned a f te r ~ 15 hr and a f te r ^V^h^ in t he f i r s t and second runs , 

respect ive ly , f u r t h e r runs s h o w p rac t i ca l l y t he same features as the second one. T h e d i spa r i t y 

be tween the f i r s t and second run in the ear ly stage o f t he so lu t i on reac t ion can be exp la ined b y 

d i f f e r e n t k inds and d i s t r i b u t i o n o f t h e prec ip i ta tes in the sample , due t o d i f f e r e n t p reannea l ing . 

I n f a c t at the beg inn ing o f t he second run (also at h igher T^) t h e c o n c e n t r a t i o n o f B d ipo les is 

a lways h igher t h a n t h a t at t he beg inn ing o f the f i r s t r u n . 

T h e ro le o f p reannea l ing is s t i l l m o r e ev iden t in F ig . 4 , whe re the ove rshoo t w h i c h appears 

in curve b can be i n te rp re ted as f o l l o w s : d u r i n g the anneal ing at r o o m t e m p e r a t u r e a f te r 

q u e n c h i n g f r o m 7"^, t h e t h e r m o d y n a m i c a l e q u i l i b r i u m a m o n g I .V. d ipo les and m ic rop rec ip i t a tes 

is n o t y e t ach ieved, due t o t h e l o w m o b i l i t y o f defec ts . The la t te r ones are in excess w i t h 

respect t o t h e t h e r m o d y n a m i c a l e q u i l i b r i u m , so t h e subsequent anneal ing at > r o o m 

t e m p e r a t u r e breaks read i ly t h e m ic rop rec ip i t a tes t o give I.V. d ipo les c o n c e n t r a t i o n h igher t han 

a t Tg-, is t h e n reached b y p r e c i p i t a t i o n o f I .V. d i p o l e excess. Moreove r i t is n o t e w o r t h y 

t h a t «5 is reached m o r e q u i c k l y b y s o l u t i o n process t h a n b y p r e c i p i t a t i o n f r o m supersatura ted 

s o l u t i o n (curves a and c) even i f t h e ear l y stage o f p r e c i p i t a t i o n is e x t r e m e l y fas t . 

Analysis of solubility curves — As r epo r t ed in a prev ious w o r k ' ^ ^ ' d i sso lu t i on o f I .V. 

d ipo les t o reach t h e r m o d y n a m i c a l e q u i l i b r i u m value in KBr :S r at re la t i ve ly h igh t e m p e r a t u r e 

( 3 3 4 ° K ) takes long anneal ing t imes ( ~ 100 hr ) and can be descr ibed b y t h e s imp le law 

n = " o + ("s - " o ) [ 1 - exp (-t/T) ] [ 1 ] 

whe re n, are the actua l and in i t ia l I .V. d i p o l e c o n c e n t r a t i o n , t is t he t i m e , and r t he t i m e 

c o n s t a n t . A l o g a r i t h m i c p l o t vs. anneal ing t i m e t oi — n ob ta i ned f r o m o u r s o l u b i l i t y d a t a at 

Tg rang ing f r o m 3 4 6 ° t o 4 2 3 ° K does n o t s h o w a behav io r as s imp le as t h a t p red i c ted b y [ 1 ] . 

Curve a o f F ig . 5 exemp l i f i es the s o l u t i o n reac t ion ( f i r s t run) in o u r NaCI :Cd at Tg = 3 5 3 ° K . 

T w o s t ra igh t l ines instead o f one a lone f i t t h e expe r imen ta l da ta w e l l e n o u g h . The s o l u t i o n 

reac t ion appears m o r e c o m p l e x , w i t h a " f a s t " ear ly stage f o l l o w e d b y a s lower one . Hence the 

expe r imen ta l results suggest t h a t s o l u b i l i t y reac t ion is be t t e r descr ibed b y i n t r o d u c i n g t w o t i m e 

cons tan ts and f.2 f o r t he " f a s t " and " s l o w " stages, respect ive ly . T h e second run da ta a lways 

at 3 5 3 ° K , r epo r t ed f o r c o m p a r i s o n in F ig . 5 (curve b) show surp r i s ing ly t h a t t he ear ly " f a s t " 

stage p redomina tes and n o w the reac t ion appears t o f o l l o w c losely the s imp le e q u a t i o n [ 1 ] . T h e 

inset in F ig . 5 shows the l o g a r i t h m i c p l o t a t var ious F g f o r second run s o l u b i l i t y d a t a . T h e 

occur rence m a i n l y o f a " f a s t " stage in the second run can be exp la i ned b y t h e presence o f smal l 

m i c rop rec ip i t a t es . These, g r o w n d u r i n g the f o r m e r annea l ing at Tg and subsequent p r e c i p i t a t i o n 

at r o o m t e m p e r a t u r e , are easi ly and rap id l y b r o k e n d u r i n g the la t te r annea l ing at Tg. T h e 

" s l o w " stage can be a t t r i b u t e d t o the s l ow d i sso l u t i on o f " h a r d " and larger m i c r o p r e c i p i t a t e s . 

Hence t h e w h o l e i so the rma l t i m e e v o l u t i o n o f I .V. d ipo les is assumed t o be governed b y the 

f o l l o w i n g m o n o m o l e c u l a r k ine t ics c o m b i n a t i o n 

" s - " = A j ( /3s - / I Q ) e x p ( - r / r , ) + A ^ {n^ - n^) e x p ( - f / r ^ ) [ 2 ] 
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F ig . 5 . L o g a r i t h m i c p l o t i /s.annealing t i m e o f - n a t 7"a = 3 5 3 ° K : open c i rc les, f i r s t r u n ; f u l l 

c i rc les, second r u n . T h e inset gives the l o g a r i t h m i c p l o t vs. anneal ing t i m e a t var ious Tg 

(second r u n ) . 

w h e r e Aj + = 1 , A i a n d A ^ are the s ta t is t ica l we ig ths o f t he " f a s t " and " s l o w " stages, 

respect ive ly . Mo reove r A j and A2 can be re la ted t o the c o n c e n t r a t i o n o f d i f f e r e n t k inds o f 

m i c rop rec i p i t a t es : t he easi ly and the h a r d l y so lub le ones. I t is w o r t h w h i l e n o t i c i n g t h a t t h e 

dras t ic change in t h e s o l u b i l i t y curves b e t w e e n 3 7 4 ° K and 3 9 0 ° K in F ig . 3 , can be i n t e rp re ted 

as f o l l o w s : at 3 9 0 ° K the fast stage c o n t r i b u t e s at c o m p a r a t i v e l y l o w e r e x t e n t t o the s o l u t i o n 

r e a c t i o n , w h i l e t h e slow/ stage f r ac t i ona l c o n t r i b u t i o n increases. T h i s e f f e c t w i l l be b e t t e r 

unde rs tood in the l igh t o f d i f f e r e n t k inds o f p rec ip i ta tes , discussed in the sec t ion o n 

M ic rop rec ip i t a tes and t h e r m o d y n a m i c a l e q u i l i b r i u m . 

T i and^2 characteristics. - F r o m F ig . 5 i t t u r n s o u t t h a t t he i n f o r m a t i o n a b o u t T I and 

T 2 can be m o r e c o n v e n i e n t l y o b t a i n e d u t i l i z i n g d a t a f r o m second and f i r s t runs , respec t ive ly . 

T h e values o f l / t j and I /T ; , are t hen repo r t ed in t h e A r r h e n i u s p l o t s h o w n in F i g . 6 : ac t i va t i on 

f n e r g y e j 

*ec", ' and » ^ 0 2 

1 e V and €2 ~ 0.8 e V and p re -exponen t i a l f a c t o r 1 ^ 0 1 = (TQ 1 ) " 1 ~ 

3 x 1 0 sec are eva luated f o r the f i r s t and second stage. 
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Fig . 6 A r r h e n i u s p l o t o f t he rec iproca l o f t i m e cons tan ts 7 i and T2 vs. 1000/7" . 

respect ive ly . T h e ac t i va t i on energy values are comparab le w i t h = 0 .92 e V , the a c t i v a t i o n 

energy f o r d i f f u s i o n , i.e., t h e exchange e n e r g y ' ^ * ' ch i e f l y i f one takes i n t o a c c o u n t t h a t t h e 

da ta f o r t he ca l cu la t i on are n o t precise e n o u g h . * T he r e fo r e one can assume t h a t t h e s o l u t i o n 

process is ru led b y d i f f u s i o n o f i m p u r i t y - v a c a n c y d i p o l e fa r f r o m the p rec ip i ta tes in a s im i la r 

w a y as t h a t p roposed b y W i n t l e ' * * ' f o r t he p r e c i p i t a t i o n reac t ion in a supersa tura ted so l id 

s o l u t i o n . A n apprec iab le ins ight o n t h e na tu re o f p rec ip i ta tes is pursed b y c o m p a r i n g Vo 1 and 

VQI- T h e ra ther h igh value o f VQI pe rm i t s the assumpt ion t h a t o n l y a f e w a t o m i c j u m p s are 

requ i red t o release the I .V. d i p o l e f r o m the pa ren t m i c r o p r e c i p i t a t e , and t o give i t t h e 

r e o r i e n t a b i l i t y necessary t o be m o n i t o r e d b y I .T.C. t e c h n i q u e . O n t h e o t h e r hand VQ-X is at least 

f i ve orders o f m a g n i t u d e l owe r t h a n VQI, I nd i ca t i ng t h a t a conven ien t sequence o f events able t o 

l iberate t h e I .V. d i p o l e occurs w i t h a very l o w p r o b a b i l i t y and requi res a v e r y large n u m b e r o f 

a t o m i c j u m p s . These results are cons is ten t w i t h t h e assumpt ion t h a t t he s o l u t i o n stage 

* It must be outlined that in the temperature range 346 - 364 K the values obtained for 72 do not show a 
definite temperature dependence, possibly due t o a mixing of different processes. 
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Fig . 7 A r r h e n i u s p l o t o f t he t h e r m o d y n a m i c a l e q u i l i b r i u m c o n c e n t r a t i o n o f A ( I . V . ) , B, and C 

d ipo les vs. 1000/7" . T h e d o t t e d l ines are t a k e n f r o m Ref. T h e t e m p e r a t u r e ranges, 

w h e r e the t i m e cons tan ts TJ and were measured m o r e c o n v e n i e n t l y , are i nd i ca ted . 

charac ter ized b y T I involves the b reak -up o f s imp le I.V. c lusters , so the f ree d ipo les can escape 

easi ly e n o u g h . T h e e x t r e m e l y long sequence o f a t o m i c j u m p s w h i c h precedes t h e s o l u t i o n o f a 

I .V. d i p o l e in t h e stage descr ibed b y T2 can be accoun ted f o r i f large and " h a r d " p rec ip i ta tes are 

t h e o n l y I .V. d i p o l e sources s t i l l p resent . G e o m e t r i c a l and co r re l a t i on f ac to r s can p lay a very 

i m p o r t a n t ro le in d e t e r m i n i n g t h e mos t favo rab le j u m p sequence. 

Microprecipitates and thermodynamical equilibrium. — T h e s t u d y o f t h e r m o d y n a m i c a l 

e q u i l i b r i u m c o n c e n t r a t i o n o f d ipo les responsib le f o r peak A , B, and C vs. anneal ing t e m p e r a t u r e 

can t h r o w l igh t o n the na tu re o f m i c r o p r e c i p i t a t e s i nvo l ved in t h e s o l u t i o n process. I n F ig . 7 t h e 

l o g a r i t h m i c p l o t o f t h e sa tu ra t i on value o f peak B is r epo r t ed vs. lOOG/rg as o b t a i n e d f r o m t h e 

present w o r k ; f o r c o m p a r i s o n the s im i la r p l o t f o r peak A ( I . V . d ipo les) and peak C are d r a w n 

f r o m Ref . T h e behav io r o f peak A was also checked b y us ing the present d a t a . M o r e o v e r 

t h e t e m p e r a t u r e ranges w h e r e Ty and we re m o r e c o n v e n i e n t l y measured, are i nd i ca ted . In 

t h e r m o d y n a m i c a l e q u i l i b r i u m , t h e d ipo les responsib le f o r peak B decrease w i t h increasing 
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t e m p e r a t u r e , f u r t h e r s u p p o r t i n g the assumpt ion t h a t t h e y are m i c rop rec i p i t a t es and I .V. d i p o l e 

c o n t r i b u t o r s . A t annea l ing tempera tu res h igher t h a n 3 7 5 ° K the B d ipo le c o n t r i b u t i o n becomes 

negl ig ib le . Peak C a f te r a modera te g r o w t h t i l l 3 6 5 ° K shows a sharp decrease in t e m p e r a t u r e 

range be tween 3 6 5 ° and 4 1 5 ° K . I t is w o r t h w h i l e n o t i c i n g t h a t in t he t e m p e r a t u r e ranges w h e r e 

Ti and T-i we re m o r e c o n v e n i e n t l y s t u d i e d , there occurs the decrease o f peak B and C, 

respect ive ly . T h i s co inc idence s t r ong l y suppor t s t h a t B and C d ipo les are the p r i nc i pa l sources 

o f ( .V. d ipo les d u r i n g t h e fast and s low stages, respect ive ly . I n the sec t ion o n Resul ts i t was 

p o i n t e d o u t t h a t o n raising the anneal ing t e m p e r a t u r e f r o m 3 7 4 ° t o 3 9 0 ° K the s o l u t i o n process 

is s lowed d o w n : th i s can be unde rs tood b y cons ider ing t h a t d e c o m p o s i t i o n o f B d ipo les 

c o n t r i b u t e s t o I .V. d i p o l e s o l u t i o n f o r a smal ler f r a c t i o n , and the t h e r m o d y n a m i c a l e q u i l i b r i u m 

c o n c e n t r a t i o n can be achieved o n l y b y the s l ow d i sso lu t i on o f t he ha rd m ic rop rec ip i t a t es . 

F r o m t h e s t ra igh t l ine o f F ig . 7 an ac t i va t i on energy o f 0 .24 eV is ob ta i ned f o r t he B d ipo les 

d i s s o l u t i o n , w h i c h is q u i t e close t o the I .V. d i p o l e s o l u t i o n energy C j ' " ^ ' = 0 .235 eV'^ ' .» 

Conc lus ions 

T h e accura te analysis o f the t i m e e v o l u t i o n o f I .V. d i p o l e c o n c e n t r a t i o n t o achieve the 

t h e r m o d y n a m i c a l e q u i l i b r i u m value has s h o w n t h a t : 

1 . T h e sa tu ra t i on value does n o t depend o n the p r e v i o u i t h e r m a l h i s t o r y o f t he sample , 

as t h e r m o d y n a m i c a l e q u i l i b r i u m requires. 

2 . T h e sa tu ra t i on value is reached m o r e read i l y i f t he s o l u t i o n process is preceded b y a 

p r o p e r p reannea l ing w h i c h breaks the hard p rec ip i ta tes and a l l ows the g r o w t h o f t he s imp le r 

ones. 

3 . A t least t w o stages can be d is t ingu ished in the s o l u t i o n process: t h e ear ly one is m u c h 

faster t h a n the subsequent one . B o t h can be separate ly descr ibed b y f i r s t o rde r m o n o m o l e c u l a r 

k ine t i cs , in w h i c h the t i m e cons tan ts T I and TJ. are t e m p e r a t u r e d e p e n d e n t . T h e d i f f e rence in 

ac t i va t i on energy f o r d i f f u s i o n ' ^ i ) ]$ w i t h i n 8 and 13% o f t he ac t i va t i on energies o f o u r fas t 

and s l o w stages, so t h e t i m e e v o l u t i o n o f t h e s o l u t i o n process is assumed t o occu r t h r o u g h a 

d i f f u s i o n o f I .V. d ipo les f r o m prec ip i ta tes , in f ac t t he energy t o release an I .V. d i p o l e f r o m 

p rec ip i ta tes , i.e., e j ' ' ^ " t u r n s o u t t o be cons ide rab ly less ( 0 . 2 3 5 e V ) ' ^ ' . B o t h the re la t ive ly h igh 

d i f f u s i o n energy and t h e p re -exponen t ia l f ac to rs o f and c h i e f l y o f T J exp la i n w h y t h e 

s o l u t i o n reac t ion is so s l ow even at m o d e r a t e l y h igh t empera tu res . 

IVloreover the s t u d y o f t h e r m o d y n a m i c a l e q u i l i b r i u m values vs. anneal ing t e m p e r a t u r e o f 

d ipo les responsib le f o r peak B and C suggests t h a t : 

1 . T h e g r o w t h o f I .V. d ipo les in the fast and in the s l ow stage can be re lated m a i n l y t o 

the decay o f B and C d i p o l a r p rec ip i ta tes . 

!.. 2.,:.The ac t i va t i on energy f o r t he t h e r m a l d e c o m p o s i t i o n o f B d ipo les is t h e same as the 

s o l u t i o n energy o f I .V. d i p o l e s ' ^ ' as expec ted i f a single I .V. d i p o l e is released f r o m the d i p o l a r 

m i c r o p r e c i p i t a t e B. 

F r o m the above results one has the general impress ion t h a t t he p r e c i p i t a t i o n and 

d i sso lu t i on o f i m p u r i t i e s i n sol ids is a ra ther i n t r i ca te p h e n o m e n o n . In o rde r t o unders tand i t , a 
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carefu l and de ta i led s t u d y o f i ts behav io r is necessary avo id ing schemat i c and ove rs imp l i f i ed 

descr ip t ions . 
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RESUMO 

No sistema NaCL : Cd com OH " l ivre" , a evolução temporal isotérmica do processo de solução de 
dipolos l-V (impureza - vacância)^ para atingir equil íbrio termodinâmico, foi estudado usando o método de 
I.T.C., no intervalo de 323 a 423 K de temperatura de recozimento. Foram encontrados dois estágios, ambos 
descritos pela cinética monomolecular de primeira ordem. O estágio inicial rápido e o seguinte mais lento, são 
caracterizados pelas energias de ativação de ~ 1 eV e ~ 0,8 eV, respectivamente, valores da ordem de 
energia de difusão, e fatores de freqüência respectivos de 6 x 1 0 e 3 x 1 0 s . A s fontes de dipolos I - V 
nos dois estágios foram tentativamente identificados com precipitados dipolares, responsáveis pelos picos 
adicionais no espectro de I.T.C. A energia de ativação necessária para decompor um t ipo de microprecipitados 
acima, da ~ 0 , 2 4 eV, foi calculada e foi encontrado em valor muito próximo da energia de dissolução de 
dipolos I - V. O efeito de pré-recozimento sobre n¡ e sobre a cinética de solução foi também analisado. 

RÉSUMÉ 

Dans le système NaCI:Cd avec des radicaux OH "libres" l'évolution temporale isothermique du procédé 
de solution des dipoles I - V (impureté-lacune) pour arriver á l'équilibre thermodynamique, a été étudié Spar 
la méthode de I.T.C. dans l'intervale de température de recuit de 323 á 423 C. Deux étages ont été trouvés, 
décrit par la cinétique monomoléculaire de première ordre: L'étage initiale rapide et le suivant plus lent sont 
caractérisés par les énergies d'activation respectivement d'environ 1 eV et 0^8 eV, valeurs comparables à 
l'énergie de diffusion et par les facteurs de frequence respectivement de 8 x 1 0 eV 3 x 1 0 sec . 

Nous avons tenté d'identifier les sources de dipoles I - V aux précipités dipolaires, responsables des pics 
additionnels dans le spectre de I.T.C. 

L'énergie d'activation exigée par la decomposition d'un type de précipités microscopiques au-dessus de 
l'ordre de 0,24 eV a été computée et nous avons trouvé une valeur très proche de celle de l'énergie de 
dissolution des dipoles I - V. 

L'effet du pré-recuit sur et sur la cinétique de solution a été aussi analysé. 
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