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1. INTRODUCTION 

i problems associated with solids. One such problem is the re- ! 

I 

The field which may broadly be called solid' State Chemistry 
I / I  

I ;  
is a relatively new one and parallels the rapidly advancing I ! I  

I 

activity of the solid state and more particularly the thermal . I 1 ,  

j 
Solid State Physics field. It is however a very sad fact that 

! 
i 1 , ,- 

chemical applications of the new solid state principles have 
! 

instability of certain solid chemical compounds. The subject 

I 

1 
I 

of this article is the influence of irradiation on the thermal I / 

been very few when one considers the vast scope of the chemical 1 
I / '  ( 
1 

t 

decomposition of solid compounds. These compounds and their 

decomposition at elevated temperatures have of course been known , 

since the beginning of chemistry but an attempt to examine the ' I  I 
i .  

mechanisms of their decompositions has only been initiated in I 
I .  
1 ' 

the past fev decades. Sadly, very little progress has been i I 
I 
I 

made. One promising tool is nuclear and other radiations. Irra- I 

I I 

diation effects are of course,interesting and important per se : 
! I  ' 

but in the context of this article it is the use of irradiation 
as a tool in the study of these decompositions that is more em- I 

phasized. The usefulness of the irradiation "tool" derives 

mainly from the fact that irradiation tends to disrupt the natural l ' ,  I !  
I 1 1  

orderliness of a solid and 'it is precisely such disruptions which 

I I 
favor heterogeneous processes such as decompositions. Thus, for ! ! .  j !  

! ' l  t 

example, if a decomposition begins fr'om a special defect site 
' . s  

on the surface which is normally difficult to create thermally I I ! .  
L 



( i f  t h e  a c t i v a t i o n  energy  f o r  t h e  f o r m a t i o n  of  t h i s  "nuc leus"  

i s  h i g h ,  s a y )  t h e n  one would e x p e c t  i r r a d i a t i o n  t o  enhance 

t h i s  p r o c e e e .  Such an irradiation effect is an example of a n  

obvious  one . .  O the r s  a r e  l e s s  o b v i o u s .  

Th i s  a r t i c l e  w i l l ,  b r o a d l y  s p e a k i n g ,  b e  d i v i d e d  i n t o  t h r e e  

s e c t i o n s .  The f i r s t  i s  a summary of  p r e s e n t  day knowledge o f  

decompos i t ions  of  u n f r r a d i a t e d  s o l i d s .  These a r e  t h e  b a s i c  

c o n t r o l  expe r imen t s  and t h e  main purpose  o f  t h i s  s e c t i o n  i s  t o  

f a m i l i a r i z e  t h e  r e a d e r  w i t h  t h e  b a s i c  language  o f  t h e  f i e l d .  The 

second s e c t i o n  d e a l s  w i t h  t h e  i n f l u e n c e  of  i r r a t l i a t i o n  i t s e l f ,  

w h i l e  t h e  t h i r d  s e c t i o n  examines v e r y  b r i e f l y  some r e l a t e d  t o p i c s .  

The i n t e n t i o n  i s  t o  s e l e c t  c e r t a i n  t y p i c a l  decomposi t ions  

r a t h e r  t h a n  d e s c r i b e  a l l  t h e  p u b l i s h e d  works. I n  t h i s  way it 

i s  hoped t h a t  t h e  r e a d e r  may a c q u i r e  a  f e e l i n g  f o r  t h e  s u b j e c t  

r a t h e r  t h a n  a  d e t a i l e d  knowledge o f  i t .  It i s  p a r t i c u l a r l y  de- 

s i g n e d  f o r  g r a d u a t e  s t u d e n t s  working  i n  t h e  b r o a d  f i e l d  of  chemi- 

c a l  r e a c t i v $ t y  problems who wish  t o  " r e a d ' a r o u n d "  t h e i r  s u b j e c t .  I 

1 
I 

I 
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(2) BASIC FEATURES OF DECOMPOSITION KINETICS 

Jacobs and ~ompkins'l) present an excellent review of 

'this subject prior to 1955. Before proceeding to irradiation 

effects it is necessary to outline briefly the present know- 
i 

ledge of decomposition of normal unirradiated solids. The field i 
! , I  

is a very restricted one so that familiarity with the language 

becomes essential. The discussion will be limited to exothermic 

reactions belonging to the class 

since it is almost exclusively on this type of (irreversible) 

reaction that irradiation effects have been studied. 

(a) The a vs t curve 

Most of the studies have been concerned with salts like 

azides, permanganates, oxalates, bromates, etc. In all cases a 

gas is evol?ed and a solid residue remains. The composition of 

the solid residue is in general known. Two main measuring tech- 
I *  

niques have been used to determine decomposition rates. The , i r  

I , l l ' l  

first involves determination of the amount of gas (pressure) re- i .  : 
[ t :  

leased in a closed volume as a function of time while the second i .  
I I ,  

method merely involves weight loss of a reactant solid "A" as a , I '1 
function of time. These involve direct observations of, say, 1 ? 

I 1 . i  
the number of nuclei formed as a function of time and also the 1 : 

I . 
rate of advance of a reaction front between reactant and product. ! ,  , 

1 ,  ! ' 
;I 1 : 

However, only in rare casts can quantitative kinetic results be 
, ' 

j .  1 
obtained from microscopic observations. The extent of reaction 

' ! *  , 
8 .  

a i 3 .  



is usually quoted as a fraction, a, which in the first experi- 

mental method mentioned above is simply the gas pressure divided 

by the theoretical pressure d e v e l o p e d  in the g i v e n  syetem when 

all of "A" has decomposed. In the second case a would merely 

be the weight loss divided by the theoretical maximum possible 

weight loss. The basic data are thus contained in a vs. t curves 

each of which describe an isothermal decomposition as a function 

of time. From families of such curves at different temperatures 

and under different conditions such as preirradiation, crystal 

size, etc., one may derive activation energies and other kinetic 

parameters of interest. 

The isothermal decompositions of solids described by equa- 

tion I may be conveniently divided into a few types by means of 

the distinct forms which the a vs. t curves display. Four of 

the most typical types are shown in fig. 1. For the moment, no 

distinction will be made between decomposition of one single 

crystal or a batch of polycrystalline material, but unless other- 

wise stated, all discussions in this chapter refer to the latter. 

Basically the curves are sigmoidal and most of the forms encoun- 

tered in these decompositions are merely variations of the sig- 

moidal type. For example, curve (a) in fig. 1 shows a symmetri- 

cal type where the point of inflexion occurs at a = 0.5, but 

such behavior is not typical. In general, the value of a at the 

point of inflexion, which will throughout this chapter be referred 

to as amax , is not 0.5. This is shown in (b). In (c), the 

maximum rate occurs right at the beginning of the reaction. The 

discussion below shows t h a t  there is justification in regarding 
* 



FIGURE 1 

Typical a vs t curves in the 

thermal decomposition of solids 
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c u r v e  ( c )  a s  a s p e c i a l  c a s e  of t h e  s i g m o i d a l  t y p e  ( a )  w i t h  

a - 0.  Curve ( d )  i s  a g a i n  b a s i c a l l y  s i g m o i d a l ,  b u t  an i n i t i a l  
max- 

r e a c t i o n ,  which  soon d i s s i p a t e s ,  i s  supe r imposed  upon a "normal" 

s i g m o i d a l  t y p e .  

Many v a r i a t i o n s  o f  t h e s e  b a s i c  forms o c c u r ,  w i t h  some o r  

a l l  o f  t h e s e  f e a t u r e s  r e m a i n i n g .  The e x i s t e n c e  o f  a v s .  t 

c u r v e s  o f  s i g m o i d a l  s h a p e  i s  n o t  s u r p r i s i n g .  It i s  now w e l l  

e s t a b l i s h e d  t h a t  r e a c t i o n  i n v a r i a b l y  b e g i n s  a t  n u c l e i  which a r e  

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

a r r a y .  The most  common such  d i s c o n t i n u i t y  i s  o f  c o u r s e  t h e  ex- 

t e r n a l  s u r f a c e ,  b u t  n u c l e i  a l s o  a p p e a r  a t  g r a i n  b o u n d a r i e s ,  

d i s l o c a t i o n s  and  o t h e r  i m p e r f e c t i o n s ,  The n u c l e i  a r e  s m a l l  r e -  

g i o n s  o f  p r o d u c t  B l o c a t e d  i n  t h e  m a t r i x  o f  A.  Once formed 

t h e y  g e n e r a l l y  grow r a d i a l l y  o u t w a r d s .  From a  s imp le  minded 

p o i n t  of v iew it i s  c l e a r  t h a t  i f  t h e  r e a c t i o n  f r o n t  p e n e t r a t e s  

a t  a  c o n s t a n t  r a t e  f rom t h e  n u c l e u s ,  t h e  b u l k  of m a t e r i a l  which 

has  r e a c t e d , w i l l  b e  r e l a t e d  t o  a power o f  t h e  t ime  which i s  

g r e a t e r  t h a n  u n i t y  s i n c e  more t h a n  one d imens ion  'is i nvo lved  i n  

t h e  growth .  The r a t e  i s  t h e r e f o r e  an  i n c r e a s i n g  f u n c t i o n  o f  

t i m e .  When s o l i d  A becomes somewhat d e p l e t e d  it  i s  e q u a l l y  

c l e a r  t h a t  g rowing  n u c l e i  w i l l  b e g i n  t o  o v e r l a p  and a d e c e l e r a -  

t o r y  s t a t e  must  s e t  i n .  However, a  decompos i t i on  mode such  a s  

d e p i c t e d  by ( c )  i n  f i g .  1 u s u a l l y  i n d i c a t e s  t h a t  a s  soon a s  

t h e  r e a c t i o n  t e m p e r a t u r e  i s  a t t a i n e d ,  t h e  whole s u r f a c e  of a  

c r y s t a l  i n s t a n t l y  n u c l e a t e s .  R e a c t i o n  c a n  t h e n  o n l y  p roceed  - 

i n t o  t h e  c r y s t a l l i t e  a s  i f  t h e  u n r e a c t e d  c r y s t a l l i t e  were s u r -  

rounded  by a c o n t r a c t i n g  e n v e l o p e .  in t h i s  c a s e  n u c l e i  "ove r l ap"  



a t  t = 0 and  no i n d u c t i o n  p e r i o d  i s  p r e s e n t .  Such b e h a v i o r  

might  b e  e x p e c t e d  when t h e  a c t i v a t i o n  e n e r g y  f o r  n u c l e u s  f o r -  

ma t ion  i s  l e s s ' t h a n  o r  n o t  t o o  d i f f e r e n t  from t h a t  f o r  n u c l e u s  

growth .  If t h e  a c t i v a t i o n  e n e r g y  f o r  n u c l e u s  f o r m a t i o n  i s  sub- 

s t a n t i a l l y  g r e a t e r  t h a n  f o r  t h e  growth p r o c e s s ,  o n l y  a  r e l a t i v e -  

l y  s m a l l  nymber o f  n u c l e i  w i l l  fo rm and t h e n  o q l y  a t  e n e r g e t i c a l l 3  

f a v o r a b l e  p l a c e s  s u c h  a s  d e f e c t s .  Most o f  t h e  d e c o m p o s i t i o n  w i l l  

t h e n  occu r  by growth  t o  l a r g e  s i z e s  o f  t h e s e  l i m i t e d  number of 

n u c l e i .  T h i s  b e h a v i o r  w i l l  b e  r e f l e c t e d  i n  t h e  s i g m o i d a l  c u r v e s .  

If t h e  m a t e r i a l  i s  s u b j e c t e d  t o  hea3ry g r i n d i n g ,  i r r a d i a t i o n  o r  

o t h e r  m e c h a n i c a l  work ing ,  i t  i s  g e n e r a l l y  found  t h a t  t h e  number 

o f  n u c l e i  i s  g r e a t l y  enhanced .  The n e t  e f f e c t  i s  t h e n  t o  s h o r t e n  

t h e  i n d u c t i o n  p e r i o d  s i n c e  it i s  d u r i n g  t h i s  p e r i o d  t h a t  s imul -  

t a n e o u s  f o r m a t i o n  o f  n u c l e i  a r e  o c c u r r i n g .  

The i m p o r t a n c e  o f  t h e s e  f a m i l i e s  o f  a v s .  t c u r v e s  i s  t h u s  

s e l f - e v i d e n t .  Fo r  example an A r r h e n i u s  p l o t  o f  a pa rame te r  

such  a s  t h e  l e n g t h  o f  t h e  i n d u c t i o n  p e r i o d  ( t h e  d e f i n i t i o n  o f  

which i s  a r b i t r a r y )  w i l l  be o f  s i g n i f i c a n c e  i n  d e c i d i n g  j u s t  how 

e a s y  n u c l e u s  f o r m a t i o n  i s .  A l s o ,  i f  it can  b e  e s t a b l i s h e d  t h a t  

t h e  i n i t i a l  few p e r c e n t  o f  t h e  r e a c t i o n  i s  dominated by t h e  f o r -  

ma t ion  of  new n u c l e i  r a t h e r  t h a n  by t h e  growth o f  e x i s t i n g  o n e s ,  

t h e  a c t i v a t i o n  e n e r g y  f o r  n u c l e u s  growth can be  o b t a i n e d  from 

a n  A r r h e n i u s  p l o t  of t h i s  i n i t i a l  r a t e .  T h i s  may be compared t o ,  

s a y ,  t h e  A r r h e n i u s  p l o t  f o r  some p a r a m e t e r  a s s o c i a t e d  w i t h  t h e  

decay r e g i o n  which usually d e s c r i b e s  t h e  a c t i v a t i o n  e n e r g y  f o r  

t h e  pure growth  p r o c e s s  s i n c e  a t  % h i s  p o i n t  t h e  i n f l u e n c e  of 

new n u c l e i  i s  n e g l i g i b l e .  







for the amount of m a t e r i a l  decompose6 can be very complex de- 

pending upon how this g r o w t 3  occurs. A general expression, 

using the nucleation formation law together with a generalized 

law for the nucleus growth rate may be obtained thus: - Let r 
be a size parameter. Thus, if the nucleus can only grow in 

one dimension, r would represent the length of a line of de- 

composed molecules. (The thickness of this line can, incidentally, 

be more than one molecule). For isotropic two-dimensional 

growth r would be the radius of a circular patch of decomposed , 

material (of any thickness) while for 3 dimensional growth r 

might be the radius of a sphere or side of a cube etc., etc. 

Let the growth rate be represented by the function G. Then 

the size of a nucleus a% time t which began its growth at time 

t = y is determined by the parameter r which itself is given by 
t ............. r(t,y) = G ( X ) ~ X  (8) 
Y 

The size (volume) of a nucleus which commenced growth at t = y 
I 

is, at time t ,  

where a is a shape factor (e.g. a = 4n/3 for a spherical 

nucleus) and X = 1, 2 or 3 depending on whether the nucleus 

grows in 1, 2 or 3 dimensions. The total size (volume) of 

all nuclei at time t is then 



dN where (--I dt i s  k'h@ rs.Le of  nu:-3.e.u~ f ' o l * m z t i ~ n  a t  t = y. 
t = y  

The f r a c t i o n a l  decompos i t i on  a a t  any  t i m e  t i s  t h e n  g i v e n  by 

V ( t )  d i v i d e d  by t h e  volume o f  p r o d u c t  B a t  comple t i on  o f  t h e  

r e a c t i o n .  I t  i s  t h u s  p o s s i b l e  t o  d e r i v e  t h e  fprm of  t h e  a / t  

cu rve  i f  t h e  a p p r o p r i a t e  n u c l e a t i o n  f o r m a t i o n  and  growth r a t e  . 

laws a r e  known o r  assumed,  A . s  a  s i m p l e  example ,  suppose  

n u c l e a t i o n  p r o c e e d s  a c c o r d i n g  t o  a  power l a w  

dN - = D B ~ ~ - ' ,  where  B i s  a n  i n t e g e r .  d t  

Suppose t h e  growth r a t e  i s  c o n s t , a n t ,  which i s  no rma l ly  t h e  

c a s e  and t h a t  o n l y  t h e  e a r l y  s t a g e s  o f  t h e  r e a c t i o n  a r e  con- 

s i d e r e d .  ( !Phis  i s  t o  a v o i d  a c c o u n t i n g  f o r  o v e r l a p  of  n u c l e i  

a s  t h e y  g r o w ) .  Then 

where k2 r e p r e s e n t s  t h e  ( c o n s t a n t )  growth r a t e .  Hence, 

n  
a = C t where  n = ( B + x )  . . . . . . .  * . . . . .  ( 1 1 )  

T h i s  power l a w  h o l d s  w e l l  f o r  b a r i u m  a e i d e " ) ,  where n = 6 t o  

8. A f u l l e r  d i s c u s s i o n  i s  f o u n d  i n  t h e  r ev i ew  p a p e r  o f  Jacobs  

and ~ o r n ~ k i n a ( l '  b u t  b a s i c a l l y  t h i s  a p p r o a c h  h a s  proved  sa t i s -  

f a c , t o r y  i n  e x p l a i n i n g  t h e  a c c e l e r a t o r y  r e g i o n  o f  many decomposi- . 



t i o n s .  I t  has  t o  b e  modif':,=; <I t h e  r e g i o n  beyond a i s  
max 

c o n s i d e r e d  s i n c e  h e r e  n u c l e i  have a l r e a d y  begun t o  o v e r l a p .  

Same of the modiffcatlanu a r c  deecribcd by Jacobs and Tompkins. 

The p o s s i b i l i t y  e x i s t s  t h a t  9.n i t s  p a s s a g e  t h r o u g h  tlae 

c r y s t a l ,  a  growing n u c l e u s  can a c t i v a t e  p o t e n t i a l  n u c l e i  i n  i t s  

p a t h .  T h i s  l e a d s  t o  b r a n c h i n g  c h a i n s  which may t a k e  many d i f f e r -  

e n t  forms. T h e  r a t e  of  f o r m a t i o n  o f  a d d i t i o n a l  n u c l e i  by t h i s  

b ranch ing  mechanism w i l l  g r e a t l y  overshadow t h e  o r i g i n a l  r a t e  

of  fo rma t ion  o f  f r e s h  n u c l e i .  I t  can  t h e n  b e  shown t h a t  i s  , 

p r o p o r t i o n a l  t o  N") .  T h i s  l e a d s  t o  a n u c l e u s  f o r m a t i o n  r a t e  

( and  u l t i m a t e l y  a l s o  an a )  which i s  e x p o n e n t i a l  w i t h  t i m e ,  i , e .  

p r o p o r t i o n a l  t o  exp ( c o n s t ,  x t i m e ) .  The many v a r i a . t i o n s  on 

(1) t h i s  b a s i c  theme a r e  d e s c r i b e d  by J a c o b  a n d  Tompkins . 
The above d i s c u s s i o n  t h e n  w i l l  s e r v e  as  an o u t l i n e  o f  t h e  

manner i n  which t h e  t o p o c h e m i c a l  d e c o m p o s i t i o n  k i n e t i c s  a r e  

o b t a i n e d .  I t  answers  t h e  q u e s t i o n  - where i s  r e a . e t i o n  o c c u r r i n g ?  

From r a t e s  and a c t i v a t i o n  e n e r g i e s  it i s  p o s s i b l e  a l s o  t o  say 

something abou t  haw t h e  r e a c t i o n  i s  o c c u r r i n g  i . e .  t o  f o r m u l a t e  

t h e  u l t i m a t e  a tomic  mechanism. However, e x p e r i e n c e  has  shown 

t h a t  s e v e r e  l i m i t a t i o n s  e x i s t  when a t t e m p t i n g  mechanism formu- 

l a t i o n s  from p u r e l y  t o p s c h e m i c a l  d a t a .  I n  p r a c t i c e  much c o r r o -  

b o r a t o r y  i n f o r m a t i o n  i s  n e c e s s a r y .  Examples of  t h e s e  a r e  e l e c -  

t r o n  microscope  o b s e r v a t i o n s ,  d i f f r a c t i o n ,  photo-chemical  be- 

h a v i o r ,  e l e c t r i c a l  c o n d u c t i v i t y ,  e tc , .  It w i l l  become a p p a r e n t  

i n  t h e  main d i s c u s s i o n  o f  i r r a d i a t i o n  e f f e c t s ,  which now f o l l o w s ,  

where and how t h i s  e x t r a  i n f o r m a t i o n  Z a  a p p l i e d .  



a 

3. P O S T - I R E i D I L . T I O M  DECOMPOSITSON STUDIES - ..-..--.----- 

It  s h o u l d  b e  ment ioned  a t  t h e  o u t s e t  that work i n  t h i s  

f i e l d  h a s  been  l i m i t e d  a n d  a n c o r r e l a t e d .  Very l i t t l e  c o n t a c t  

h a s  e x i s t e d  between t h e  sma,ll  number o f  worke r s  t h e r e  have 

been.  T h i s  h a s  r e s u l t e d  i n  a few i s o l a t e d  s c h o o l s  each  concen- 

t r a t i n g  on one t y p e  o f  compound and a n  a l m o s t  comple te  l a c k  o f  

u n i f y i n g  t h e o r i e s .  I t  i s  m a i n l y  f o r  t h i s  r e a s o n  t h a t  t h e  
I 

f o l l o w i n g  d i s c u s s i o n  i s  d i v i d e d  i n t o  s e c t i o n s  each  of  which 

d e a l s  w i t h  a  s p e c i f i c  t y p e  of  compound, e . g .  a z i d e s ,  o x a l a t e s ,  

e t c .  The a z i d e s  have p e r h a p s  b e e n  s t u d i e d  most t h o r o u g h l y  and 

w i l l  b e  d i s c u s s e d  first, A summary o f  i r r a d i a t i o n  e f f e c t s  i s  

g i v e n  a t  t h e  end  o f  t h i s  chap.l ;er .  

( a )  Az tdes  

The t h e r m a l  decompos i t i ons  o f  i r r a d f a t e d  a z i d e s  were i n -  

v e s t i g a t e d  a s  f a r  back a s  1 9 3 3  when G a r n e r  and Moon ( 5 )  found 
, 

a  s l i g h t  a c c e l e r a t i o n  o f  d e c o m p o s i t i o n  growth  r a t e  of e x i s t i n g  

n u c l e i  i n  ba r ium a z i d e  when e x p o s e d  t o  rad ium i r r a d i a t i o n  b u t  

saw no enhancement of n u c l e u s  f o r m a t i o n .  S i n c e  t h e n  much work 

h a s  been d e v o t e d  t o  t h e  a z i d e s ,  t h e  f i r s t  sizeable a t t a c k  

b e i n g  on Barium Azide ( 4-12) * 

( i )  Barium Azide  - 
The t h e r m a l  d e c o m p o s i t i o n  o f  B ~ ( N ~ ) ~  a t  abou t  1 0 0 ~ ~  i n  

vacuo d i s p l a y s  c e r t a i n  f e a t u r e s  which  a r e  more c a p a b l e  of 

t h e o r e t i c a l  i n t e r p r e t a t i o n  t h a n  most o t h e r  compounds. The 

overall r e a c t i o n  i s  very s imply  



A relatively small number of large, roughly circular patches 

of Ba n u c l e i  arc formed and the a va t c'urve ie algmoidal, 

Since the nuclei can be visually observed under the microscope, 

it is possible to measure rates (and activation energies) of 
I 

their formation and growth separately. Photographic methods 

have shown that the growth rate is constant ( 7 )  dr i.e. - = d t B, 

a constant, where r is the radius of a nucleus. Since the 

growth is 3 dimensional, the amount of decomposed material 

associated with one nucleus varies as r3 and hence as t3. The 

rate of formation of nuclei was found to vary as t2 and hence 

3 their number as t3 (i.e. N = At . The total amount of mater- 

ial decomposed (proportional to a) should therefore vary as 

6 t during the acceleratory period when nuclei overlap can be 

neglected. Although the raw data yield powers a little higher 

than 6, there is reason to believe. that the true power is 6. 

The justifitation is based on the belief that small nuclei 

(too small to observe under an.ordinary microscope) grow some- 

what more slowly than larger ones. This idea was put forward 

by Thomas and Tompkins ( 8 )  who found that the equation p = ~(t-y) 
6 

adequately represented the acceleratory period of the decomposi- 

tion. This is shown in fig, 2. Here p is the pressure of N2 

released, t the time, C a constant and y is related to the time 

required for small nuclei to become. "normally" growing larger 

ones. The activation energies corresponding to A ,  B y  C were 

determined by  isc chin'" who found the values 74, 232 and 166 



F I G U R E  2 

P l o t  o f  log ( p r e s s u r e )  v s  l o g  ( t - y ) ,  t i s  t i m e ,  

y i s  s l o w  g rowth  c o r r e c t i o n .  The s l o p e  o f  t h e s e  

l o g - l o g  p l o t s  i s  6.0. 





Kcal/mole r e s p e c t i v e l y .  

Mot t i r r a d i a t e d  B ~ ( N  ) w i t h  U.V. l i g h t  and found t h e  
3 2 

m a t e r i a l  e x c e p t  f o r  much l a r g e r  v a l u e s  o f  C and many more i, 
n u c l e i .  The e x p l a n a t i o n  o f f e r e d  was t h a t  i r r a d i a t i o n  i n c r e a s e d  I! 
A whi l e  t h e  growth r a t e  (B) remained u n a f f e c t e d .  The i r r a d i a -  . 

I :  1 

a I 
6 i n  t h e  o v e r a l l  power law t e n d e d  t o  t h e  v a l u e  3 .  T h i s  would i / 

I I .  

t i o n  t h u s  appea red  t o  c r e a t e  many new p o t e n t i a l  n u c l e a t i o n  , , . I ,  

be e x p l a i n e d  i f  i r r a d i a t i o n  i t s e l f  p roduces  n u c l e i  ( a s  opposed 1 

1 

t o  t h e r m a l  p r o d u c t i o n  from p o t e n t i a l  s i t e s )  s o  t h a t  t h e  only  ' 1  I ! 
I 

power r e f l e c t e d  i n  t h e  o v e r a l l  e q u a t i o n  i s  t h e  3 from t h e  pure  i 1 
' i 

nuc leus  growth (new n u c l e i  a r e  s t i l l  formed t h e r m a l l y  b u t  t h e i r  i 
I I 
: I 

c o n t r i b u t i o n  t o  a i s  c o m p l e t e l y  masked by t h e  l a r g e  number ' I ,  
I 

c e n t e r s .  For  v e r y  ex tended  p e r i o d s  o f  i r r a d i a t i o n  t h e  exponent I 

formed by i r r a d i a t i o n ) .  I n  o r d e r  t o  u n d e r s t a n d  some of t h e  i 1 
i r r a d i a t i o n  e f f e c t s  oPse rved  l a t e r  it i s  n e c e s s a r y  now t o  de lve  , ,  

a  l i t t l e  i n t o  t h e  a tomic  mechanisms p roposed  by Mott a n d ' o t h e r s  

f o r  t h e  B ~ ( N  ) decompos i t ion .  T h i s  s h o u l d  perhaps  a l s o  g i v e  3 2 
a  l i t t l e  background i n t o  t h e  t y p e  o f  arguments  invo lved  i n  t h i s  

f i e l d .  M o t t ' s  mechanism f o r  n u c l e u s  f o r m a t i o n  i s  ana lagous  t o  

t h a t  f o r  l a t e n t  image f o r m a t i o n  i n  p h o t o g r a p h i c  emuls ions .  I n  

emuls ions ,  t h e  s e n s i t i v i t y  i s  i n c r e a s e d  i f  on i t s  s u r f a c e  t h e  

g r a i n  has  s p e c k s  o f  s i l v e r  s u l p h i d e  ( s e n s i t i v i t y  s p e c k s ) .  The 

f u n c t i o n  of  t h e  speck  i s  t o  c a t c h . a n  e l e c t r o n  f o r  a t i m e  l o n g  

enough t o  a t t r a c t  a n  i n t e r s t i t i a l  m e t a l  i o n .  I f  t h i s  "nucleus"  

remains i n t a c t  1,ong enough a n o t h e r  e l e c t r o n  can b e  c a p t u r e d  

and t h e  n u c l e u s  w i l l  have  a chance  t o  b u i l d  i t s e l f  up t o  a  l a r g e  



s t a b l e  s i z e .  I n  a z i d e ,  nuc leus  f o r m a t i o n  i s  s t r u c t u r e  s e n s i -  

t i v e  s o  t h a t  p robab ly  t h e  e x i s t e n c e  o f  s u r f a c e  e l e c t r o n  t r a p s  1 
I l l  

r e n d e r s  p o s s i b l e  t h e  f o r m a t i o n  of n u c l e i  i n  a eimilar way by , . 
t r a p p i n g  an e l e c t r o n ,  a t t r a c t i n g  i n t e r s t i t i a l  bar ium i o n s ,  : ;  1 ;  

t r a p p i n g  more e l e c t r o n s  and forming s t a b l e  m e t a l  n u c l e i .  

The t h e o r y  b e g i n s  w i t h  t h e  a s sumpt ion  t h a t  f o l l o w i n g  t h e  

decomposi t ion of  s u r f a c e  a z i d e  i o n s ,  t h e r e  i s  an i n i t i a l  N2 

e v o l u t i o n  t o o  s low t o  b e  obse rved  ( i n  o t h e r  compounds e .g .  
KN3 

it it  obse rved  ( 1 3 ) ) .  The Ba atoms formed can t h e n  go i n t o  

s o l i d  s o l u t i o n  l e a v i n g  an  e x c e s s  o f  f r e e  e l e c t r o n s  i n  t h e  c r y s t a l  

( t h i s  i s  ana logous  t o  t h e  h e a t i n g  o f  ZnO which, when t h e  O2 i s  

l i b e r a t e d ,  d i s p l a y s  a v e r y  enhanced c o n d u c t i v i t y ) .  He assumed 

t h a t  t h e  number o f  e l e c t r o n s  i n c r e a s e s  l i n e a r l y  w i t h  t i m e  du r ing  

t h i s  slow N2 e m i s s i o n  s t a g e .  Thus,  i f  n = e l e c t r o n  concent ra-  

dn SQ t i o n ,  S = c r y s t a l  s u r f a c e  a r e a ,  V = c r y s t a l  volume, t h e n  = v , 
where Q i s  a  c o n s t a n t  presumably  g i v e n  b y  Q = QO e x p ( - q / k ~ ) .  

The energy  .q i s  t h a t  r e q u i r e d  t o  move an  e l e c t r o n  from a s u r -  

f a c e  i o n  i n t o  t h e  c o n d u c t i o n  band i . e .  t h e  energy t o  f r e e  an , 

a z i d e  r a d i c a l .  T h e r e f o r e  ~ = ( s Q / v ) ~ .  The mechanism of nuc leus  

format ion  t h e n  i n v o l v e s  t h e  t r a p p i n g  o f  an e l e c t r o n  a t  some 

s u r f a c e  t r a p  f o r  a t i m e  l o n g  enough f o r  a n o t h e r  one t o  be  

t r a p p e d .  The p r o b a b i l i t y  p e r  u n i t  t i m e  t h a t  an e l e c t r o n  i s  

t r a p p e d  i s  p r o p o r t i o n a l  t o  n  w h i l e  t h e  p r o b a b i l i t y  of a  second 

e l e c t r o n  coming a l o n g  b e f o r e  t h e  f i r s t  e scapes  i s  a l s o  propor-  

t i o n a l  t o  n. I f  a e l e c t r o n s  a r e  n e c e s s a r y  t o  form a s t a b l e  

nuc leus ,  t h e  p r o b a b i l i t y  of f o r m a t i o n  o f  t h e  n u c l e u s  i n  a  

g iven  t ime  i s  t h u s  p r o p o r t i o n a l  t o  nu.  



Hence,  r -1 

N = c o n s t  (sQ/v) '  tafl  ............. ( 1 2 )  
1 

F o r  B ~ ( N ~ ) ;  a t  1 0 o O c ,   at^^ t h e r e f o r e  o  = 2.  T h i s  means t h a t  
, 

2 e l e c t r o n s  a r e  s u f f i c i e n t  t o  form a s t a b l e  n u c l e u s .  S ince  

A a (sQ/v) '  , powders s h o u l d  have v a l u e s  of A much b i g g e r  t h a n  

s i n g l e  c r y s t a l s .  T h i s  i s  t h e  c a s e .  A l so ,  s i n c e  o = ~ , ( s Q / v ) '  = 
2 2 ( S  Q * /v2 )  exp( -2q /kT?  The measured v a l u e  of 2q i s  74 Kcals lmole  

s o  t h a t  t h e  a c t i v a t i o n  energy  t o  f r e e  a n  a z i d e  r a d i c a l  would 

be 37 ~ c a l s / m o l e .  The t r a p s  may be a n i o n  v a c a n c i e s  on t h e  s u r -  

f a c e .  The i n c r e a s e  i n  t h e  q u a n t i t y  A upon i r r a d i a t i o n  would 

t h e n  be a s c r i b e d  t o  t h e s e  an ion  v a c a n c i e s  formed by t h e  i r r a d i a t i o n .  

The above p r o c e s s  i s  t h e n  t h e  fundamenta l  s t e p  i n  t h e  p roduc t i on  

o f  a n u c l e u s .  

M o t t ' s  t h e o r y  o f  n u c l e u s  g rowth  ( a s  d i s t i n c t  from fo rma t ion )  

b e g i n s  w i t h ' t h e  a s sumpt ion  t h a t  N 2  can  be  l i b e r a t e d  a t  t h e  s u r -  

f a c e  o n l y  s i n c e  any g a s  l i b e r a t e d  a t  t h e  i n t e r f a c e  between B a  

n u c l e i  and u n r e a c t e d  a z i d e  c o u l d  n o t  e s c a p e .  Hence t h e  p h y s i c a l  

p i c t u r e  f o r  n u c l e u s  g rowth  i s  a s  f o l l o w s :  Occas iona l l y  an a z i d e  

i o n  a d j a c e n t  t o  t h e  m e t a l  n u c l e u s  r e c e i v e s  enough thermal  energy 

t o  l o s e  an e l e c t r o n  t o  t h e  m e t a l  (W i n  f i g .  3 ) .  The a z i d e  rad-  

i c a l  c a n n o t  b r e a k  up s i n c e  it i s  n o t  s i t u a t e d  a t  t h e  s u r f a c e .  

However, a n  a d j a c e n t  a z i d e  i o n  w i l l  t r a n s f e r  i t s  e l e c t r o n  t o  t h e  

a z i d e  r a d i c a l .  The l a t t e r  p o s i t i v e  h o l e  i s  t h e n  capab l e  of 

r a p i d  d i f f u s i o n  t o  t h e  s u r f a c e  where it can' b r e a k  up and escape  

as B2 g a s .  The m e t a l l i c  n u c l e u s  i s  t h e n  n e g a t i v e l y  charged and 



FIGURE 3 

Energy levels o f  barium a z i d e  i n  c o n t a c t  w i t h  metal. 





a t t r a c t s  i n t e r s t i t i a l  bar ium i o n s  (assumed t o  b e  p r e s e n t  i n  i :  1 
e q u i l i b r i u m  w i t h  t h e  c r y s t a l )  and grows. On t h i s  p i c t u r e ,  it 

ie W ( f i g .  3 )  which i s  aasociated w i t h  the a c t i v a t i o n  energy ( 1  
1 

I 1 )  
f o r  growth (239 ~ c a l l m ) .  T h i s  mechanism t h e n  i n v o l v e s  growth I ,  

of m e t a l l i c  n u c l e i  by  d i f f u s i o n  o f  i n t e r s t i t i a l  i o n s  t h rough  

t h e  c r y s t a l  and  e s c a p e  o f  N2 g a s  from some s u r r o u n d i n g  f r e e  
I '  

s u r f a c e .  : ; .  I1 
! 

Matt's t h e o r y  h a s  been  c h a l l e n g e d  b y  Tompkins and co- 

workers  ( I 2 '  on a  t h e o r e t i c a l  b a s i s  a s  w e l l  as on f u r t h e r  ex- 

p e r i m e n t a l  work. They a r g u e  1) t h a t  t h e  ene rgy  r e q u i r e d  t o  

form a  c a t i o n  vacancy  i s  much l e s s  t h a n  t h a t  t o  form an i n t e r -  

s t i t i a l  c a t i o n  and t h e r e f o r e  t h e  c o n c e n t r a t i o n  o f  t h e  l a t t e r  

w i l l  b e  s m a l l  compared t o  t h e  former .  Any mechanism i n v o l v i n g  

mobi le  c a t i o n s  w i l l  depend on v a c a n c i e s .  2 )  Al though t r a n s p o r t  

numbers a r e  n o t  known, it i s  f a i r l y  c e r t a i n  t h a t  t h e  a z i d e  i o n  

i s  t h e  mob i l e  s p e c i e s  ( b y - a n a l o g y  w i t h  bar ium h a l i d e s  which 

a r e  a l l  a n i ~ n i c  c o n d u c t o r s ) .  3 )  S p e c i f i c  conductance  measure- : I , /  1 , 

ments of  ba r ium a z i d e  show t h a t  t h e  o b s e r v e d  growth mechanism 

8 i s  t o  1 0  t i m e s  a s  g r e a t a s  would b e  t h e  c a s e  i f  t h e  

m o b i l i t y  o f  an i n t e r s t i t i a l  bar ium i o n  i s  i n v o l v e d .  I n  formu- 

l a t i n g  a  mechanism, t h e y  p o i n t  t o  t h e  f o l l o w i n g  c o r r o b o r a t o r y  

e x p e r i m e n t a l  r e s u l t s  a )  when t h e  a z i d e  i s  i r r a d i a t e d  w i t h  UV 

( p r e d o m i n a n t l y  t h e  2537a l i n e )  a t  room t e m p e r a t u r e ,  t h e  r a t e  

of N2 e v o l u t i o n  d u r i n g  i r r a d i a t i o n  v a r i e s  as t h e  s q u a r e  o f  t h e  

r a d i a t i o n  i n t e n s i t y ,  The p r i m a r y  p r o c e s s  o f  p h o t o l y s i s  i s  

t h e r e f o r e  r e g a r d e d . a s  t h e  e x c i t a t i o n  o f  2 - a d j a c e n t  a z i d e  i o n s .  

I n  s u p p o r t  o f  t h i s  t h e y  s t a t e  t h a t  (by ana logy  w i t h  g a s  phase  



d a t a )  t h e  r e a c t i o n  N -+ A2 + N i s  c e r t a i n l y  h i g h l y  endothermic  3 

whereas  2 N  + 3N2 i s  h i g h l y  e x o t h e r m i c ,  hence  two a z i d e  groups  
3 - 

a r e  i n v o l v e d .  b )  Photoconductance  and  a b s o r p t i o n  expe r imen t s  

s t r o n g l y  s u g g e s t  t h e  f o r m a t i o n  of  e x c i t o n s .  They t h e r e f o r e  

propose  t h e  f o l l o w i n g  mechanism f o r  n u c l e u s  f o r m a t i o n :  Two 

a d j a c e n t  s u r f a c e  a z i d e  g roups  r e c e i v e  s u f f i c i e n t  t h e r m a l  energy 

t o  r e a c t .  T h i s  needs  a  h i g h  o v e r a l l  e n e r g y  and s i n c e  t h e  

a c t i v a t i o n  e n e r g y  f o r  n u c l e u s  f o r m a t i o n  i s  a s  low as 74 Kcal/mole,  

t h e y  suppose  t h a t  one a z i d e  i o n  i s  e x c i t e d  f i r s t  and remains  s o  

f o r  a  l o n g  t i m e  and  t h e r e f o r e  becomes r a t e - d e t e r m i n i n g .  The 

p r o c e s s  e n v i s i o n e d  i s  t h e  f o r m a t i o n  o f  an  e x c i t o n  which can  

a c q u i r e  s u f f i c i e n t  a d d i t i o n a l  ene rgy  t o  a l l o w  t h e  e j e c t i o n  o f  
I 

t h e  e l e c t r o n  i n t o  t h e  conduc tance  band .  Subsequen t ly  t h i s  e l e c -  

t r o n  i s  d e e p l y  t r a p p e d ,  p r o b a b l y  a t  an  i m p u r i t y  c e n t e r .  The 

p o s i t i v e  h o l e  formed i s  m o b i l e  and it g e t s  t r a p p e d  a t  some s u r -  

f a c e  d e f e c t .  Now a n  a z i d e  i o n  a d j a c e n t  t o  t h i s  t r a p p e d  p o s i t i v e  

h o l e  ( o r  azi,de r a d i c a l )  may r e c e i v e  s u f f i c i e n t  t h e r m a l  energy t o  

r e a c t  w i t h  t h e  p o s i t i v e  h o l e .  T h i s  y i e l d s  n i t r o g e n  and a  com- 

p l e x  remains  which i s  .an F - c e n t e r  a s s o c i a t e d  w i t h  a  v a c a n t  an ion  

s i t e .  T h i s  complex c a n  l a t e r  b e  t h e r m a l l y  d i s s o c i a t e d  i n t o  an 

F - c e n t e r  and a n i o n  vacancy .  Although F - c e n t e r s  have no i n t r i n s i c  
I 

m o b i l i t y ,  by a p r o c e s s  o f  a s s o c i a t i o n  w i t h  a  mob i l e  a n i o n  vacancy , I 

and a  s u b s e q u e n t  d i s s o c i a t i o n ,  t h e y  may move th rough  t h e  l a t t i c e  
' I  

a t  a r a t e  d e t e r m i n e d  m a i n l y  by t h e  m o b i l i t y  and c o n c e n t r a t i o n  of  I 

s uch  v a c a n c i e s .  When two F - c e n t e r s  " c o l l i d e " ,  a g g r e g a t i o n  t o  

double  F-cent  e r s  r e s u l t s  ' b e c a u s e  s u c h  a g g r e g a t e s  a r e  more s t a b l e  , 1 ,  I 
I I  ' 

t h a n  s i n g l e  F - c e n t e r s ,  s i n c e  t h e  e l e c t r o n s  i n  t h e  two i d e n t i c a l  
: i  I 
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d e f e c t s  may " r e s o n a t e " .  A doub le  F - c e n t e r  a g g r e g a t e  c o r r e -  

sponds t o  a  bar ium atom i n  t h e  L a t t i c e  and  i s  r e g a r d e d  a s  a  

nucleus. Growth of  this nucleus proceeds predominan t ly  by a 

p r o c e s s  i n v o l v i n g  t h e  t r a n s f e r e n c e  o f  e l e c t r o n s  from a z i d e  i o n s  

a d j a c e n t  t o  t h e  n u c l e u s ,  t h i s  t r a n s f e r e n c e  r e q u i r i n g  much l e s s  

energy  t h a n  t h a t  r e q u i r e d  t o  e j e c t  an  e l e c t r o n  from t h e  a z i d e  

i o n  t o  t h e  c o n d u c t i o n  band.  The p o s i t i v e  h o l e  r ema in ing  r e a c t s  

wi6h an e x c i t e d  a z i d e  i o n  a d j a c e n t  t o  i t  and a l s o  t o  t h e  

n u c l e u s ,  g i v i n g  n i t r o g e n .  F u r t h e r  F - c e n t e r s  are t h e r e b y  pro-  

duced which a g g r e g a t e  t o  t h e  n u c l e u s  which t h u s  grows. T h i s  

mechanism i s  a l s o  c o n s i s t e n t  w i t h  o b s e r v e d  k i n e t i c s  and a c t i v a -  

t i o n  e n e r g i e s  a s  f o l l o w s .  The r a t e  o f  f o r m a t i o n  of  double  F- 

c e n t e r s  ( o r  n u c l e i )  = e  -E/kT[F12 ....................... ( 1 3 )  

where [ F ]  = F - c e n t e r  c o n c e n t r a t i o n  and E = a c t i v a t i o n  energy  

f o r  m o b i l i t y  o f  a n i o n  v a c a n c i e s ,  The F - c e n t e r s  a r e  produced a t  

-E1/kT 
a  c o n s t a n t  r a t e  and hence  [I?] = c o n s t  ( e  ) t  ....... (14) 

where t i s  t i m e  and E i s  t h e  e n e r g y  t o  e j e c t  an e l e c t r o n  from 
1 

t h e  f u l l  band t o  t h e  c o n d u c t i o n  band.  The r a t e  of  fo rma t ion  

of  n u c l e i  i s  t h u s  = c o n s t .  ( e  - E / ~ T  ( e  -E1/kT)2 t2  . . . . (15) 

a t 2  o r  N a t3 ( c . f .  epn .6 ) .  T h i s  i s  t h e  c o r r e c t  e x p r e s s i o n ,  i . e .  - d  t 

Note t h a t  o n l y  a t  s m a l l  t i m e s  w i l l  F - c e n t e r  f o r m a t i o n  r a t e  be 

c o n s t a n t ,  s o  t h a t  e q u a t i o n  1 4  o n l y  a p p l i e s  f o r  low t i m e s .  Equa- 

t i o n  1 5  i s  c o n s i s t e n t  w i t h  measured  v a l u e s  ( 7 4  ~ c a l / m )  of  t h e  

a c t i v a t i o n  e n e r g y  f o r  n u c l e u s  f o r m a t i o n  a s  w e l l  as t h e  m o b i l i t y  

energy  o f  a n i o n  v a c a n c i e s  and  t h e r m a l  e x c i t a t i o n  t o  t h e  conduc- 

t i o n  band. 

The e f f e c t  o f  f r r a d i ' a t i o n  on t h i s  decompos i t i on  i s  shown 



t o  s t r e n g t h e n  t h e i r  c o n c l u s i o n s  r e g a r d i n g  t h e i r  mechanism. ~ h ~  

*2 
p r e s s u r e  r e l e a s e d  i n  t h e  t h e r m a l  decompos i t i on  is g i v e n  by 

6 P - c ( ~ - Y )  * They f i n d .  t h e  e f f e c t  of p r e - i r r a d i a t i o n  w i t h  

U-v i s  t o  m e r e l y  i n c r e a s e  C w i t h o u t  changing  i t s  a c t i v a t i o n  

e n e r g y .  T h i s  i n c r e m e n t  of  C i s  p r o p o r t i o n a l  t o  i r r a d i a t i o n  i n -  

t e n s i t y  t i m e s  i r r a d i a t i o n  t i m e  ( I  T )  i . e .  t o t a l  ene rgy  r e c e i v e d  

d u r i n g  p r e - i r r a d i a t i o n .  The e f f e c t  of t h e  p r e - i r r a d i a t i o n  i s  

t h u s  t o  m e r e l y  i n c r e a s e  t h e  number of p l a c e s  a t  which n u c l e i  

m a y  b e  formed i n  t h e  subsequen t  t h e r m a l  decompos i t ion .  As 

r e g a r d s  t h e  p r o d u c t  o f  t h e  p r e - i r r a d i a t i o n  t h e y  n o t e  t h e  fo l low-  

i n g :  1) It  i s  s t a b l e  f o r  l o n g  p e r i o d s  (3 t o  4 weeks) .  2 )  It 

ts prorluced w i t h  t h e  e v o l u t i o n  o f  N 3) It i s  presumably 
2 ' 

F;.2sent i n  t h e  u n i r r a d i a t e d  s a l t .  4 )  The i n c r e a s e  i n  t h e i r  

number  i s  p r o p o r t i o n a l  t o  t h e  amount of  energy  r e c e f v e d  d u r i n g  

p r e - i r r a d i a t i o n .  The s i m p l e s t  p r o c e s s ,  t h e y  c o n s i d e r ,  i s  t h a t  

a n  e l e c t r o n  i s  moved f rom t h e  f u l l  t o  t h e  conduc t ion  band and 

i s  t h e n  t r a p p e d .  Fo r  s m a l l  i r r a d i a t i o n  ( s m a l l  I T) it i s  con- 

s i d e r e d  t h a t  t h e  e l e c t r o n s  a r e  t r a p p e d  a t  f e r r i c  i o n  i m p u r i t i e s  

( w h i c h  a r e  known t o  b e  i n c l u d e d  i n  most a z i d e s  i n  minute  q u a n t i -  

t i e s ) .  The v a c a n t  a n i o n  s i t e  l e f t  a f t e r  decompos i t ion  of  two 

a d j a c e n t  a z i d e  g r o u p s  i n c r e a s e s  t h e  n u c l e a t i o n  r a t e  i n  t h e  sub- 

s e q u e n t  t h e r m a l  d e c o m p o s i t i o n  because  such  s i t e s  a r e  n e c e s s a r y  . 

for m o b i l i t y  of F c e n t e r s  and it i s  t h e  a g g r e g a t i o n  o f  2 F -cen t e r s  

t h a t  p r o v i d e s  a s t a b l e  n u c l e u s  which t h e n  grows. However, t h e  

number  of  F e r r i c  i o n  t r a p s  i s  l i m i t e d  s o  a t  h i g h e r  1.T t h e  con- 

d u c t i o n  e l e c t r o n s  w i l l  i n s t e a d  become i n c r e a s i n g l y  t r a p p e d  a t  

v a c a n t  a n i o n  s i t e s  f o rming  a c t u a l  F c e n t e r s .  I n  t h e  t h e r m a l  

20 * 



I 
decompos i t i on  t h e n ,  t h e  r a t e  o f  f o r m a t i o n  of doub le  F c e n t e r s  

w i l l  depend on a  power lower  t h a n  6 .  When a l l  f e r r i c  i o n s  a r e  

used up a n d  F c e n t e r e  only are produced ( s o  t h a t  n u c l e a t i o n  i s  
I 

i i comple te  b e f o r e  t h e r m a l  decompos i t i on  b e g i n s )  o n l y  t h e  growth * , I 

phenomena w i l l  be  r e g i s t e r e d  i n  t h e  p r e s s u r e  i n c r e a s e  2 . e .  p r e s s u r e  

3 s h o u l d  b e  p r o p o r t i o n a l  t o  ( t - y )  . T h i s  f a l l  o f  power from 6 t o  I " I  
, . .  I 

3 i s  shown i n  f i g .  4 which i s  a l o g - l o g  p l o t  o f  i r r a d i a t i o n  dose 

( I T )  v s .  i n d u c t i o n  p e r i o d .  Note t h a t  t h e  f a l l  i n  power from 6 

t o  3 i s  a n e c e s s a r y  b u t  n o t  s u f f i c i e n t  c o n d i t i o n  f o r  s u p p o r t i n g  
I 

t h e  d e t a i l s  o f  t h e  mechanism t h e y  p r o p o s e .  Whenever n u c l e a t i o n  

i s  enhanced from wha teve r  c a u s e ,  t h e  power must u l t i m a t e l y  r e -  

f l e c t  t h e  domina t ion  o f  t h e  g rowth  p r o c e s s  on t h e  k i n e t i c s .  

Tompkins e t  a 1  e x t e n d e d  t h e  UV i r r a d i a t i o n  work t o  t h e  

( 1 4 )  e f f e c t  o f  e l e c t r o n  bombardment . A c c e l e r a t i n g  p o t e n t i a l s  of 

i 
1 L O O  t o  200 V o l t s  were u s e d  and  t h e  r a t e s  o f  subsequent  t h e r m a l  

decompos i t i ons  measured .  B a s i c a l l y ,  t h e  k i n e t i c  form o f  t h e  

decompos i t i on  i s  unchanged,  b u t  t h e  v a l u e  of  t h e  c o n s t a n t  C i s  

i n c r e a s e d  markedly  ( b y  a  f a c t o r  o f  500 f o r  t h e  e l e c t r o n  ex- 

p o s u r e s  u s e d ) .  They c o n c l u d e  t h a t  t h e  c e n t e r s  c r e a t e d  by UV 

and  e l e c t r o n  i r r a d i a t i o n  a r e  t h e  same a s  i s  t h e  subsequen t  t h e r -  

mal decompos i t i on .  However, two d i f f e r e n c e s  show up:  1 )  With 

e l e c t r o n  bombardment, C i n c r e a s e s  a s  t h e  s q u a r e  of t h e  e l e c t r o n  

f l u x  and l a t e r  s a t u r a t e s  f o r  a v e r y  h i g h  f l u x .  For  UV i r r a d i a -  

t i o n ,  C i n c r e a s e s  somewhat f a s t e r  t h a n  l i n e a r l y .  2) The power 

6 i n  t h e  e q u a t i o n  P = C ( t - y ) b  i s  unchanged no m a t t e r  how much 

e l e c t r o n  bombardment i s  g i v e n  p r e v i o u s  t o  t h e  t h e r m a l  decomposi- 

t i o n  ( f o r  U V ,  t h e  power changes  f rom 6 to 3 ) .  The e x p l a n a t i o n  
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advanced by :Groocock and Tempkins i s  a s  f o l l o w s ,  S i n c e  t h e  

e x p o n e ~ t  6 i s  r e t a i n e d  upon e l e c t r o n  bombardment no n u c l e i  a r e  

c r e a t e d  d u r ~ n $  pre-treatment. The i n f t l s l  act of  t h e  beam is 

p r o b a b l y  t q  e j e c t  e l e c t r o n s  f rom a z i d e  i o n s  b u t  w i t h  s u f f i c i e n t  

ene rgy  f o r  p h o t o e m i s s i o n .  A l s o ,  s i n c e  t h e r e  i q  now a  h i g h  

e x c e s s  o f  e l e c t r o n s ,  s u r f a c e  a n i o n  v a c a n c i e s  can now b e  c o n v e r t e d  

t o  F - c e n t e r s  which a r e  immobile s i n c e  t h e i r  m o b i l i t y  r e s t s  on 

t h e  p r e s e n c e  o f  a n i o n  v a c a n c i e s .  Hence n u c l e a t i o n  f o r m a t i o n  

d u r i n g  bombardment i s  improbab le .  Dur ing  t h e  warm up p e r i o d  

f o r  t h e  t h e r m a l  decompos i t i on  t h e  F - c e n t e r s  and p o s i t i v e  h o l e s  

r e g e n e r a t e  a z i d e  i o n s  and  v a c a n c i e s .  The l a t t e r  a s s i s t  i n  

n u c l e u s  f o r m a t i o n  t h e r e b y  a c c e l e r a t i n g  t h e  t h e r m a l  p r o c e s s .  

However, it i s  d i f f i c u l t  t o  s e e  why e l e c t r o n  bombardment does  

n o t  i t s e l f  p roduce  n u c l e i .  E l e c t r o n s  a r e  e j e c t e d  from a z i d e  

i o n s  and  n i t r o g e n  i s  r e l e a s e d  from what were  o r i g i n a l l y  2 

a d j a c e n t  a z i d e  i o n s .  The v a c a n c i e s  l e f t  a r e  c o n v e r t e d  t o  

F - c e n t e r s  by  t h e  e l e c t r o n  bombardment. The two a d j a c e n t  F - c e n t e r s  

complex i s  p r e c i s e l y  what i s  r e g a r d e d  a s  a n u c l e u s .  It i s  

d i f f i c u l t  t o  s e e  why t h e  e l e c t r o n  bombarded s o l i d  does  n o t  

undergo a  s u b s e q u e n t  t h e r m a l  d e c o m p o s i t i o n  w i t h  a  power l e s s  

t h a n  6 .  One i s  t empted  t o  t h i n k  t h a t  i n  t h e  much a c c e l e r a t e d  

decompos i t i on  which f o l l o w s  t h e  i r r a d i a t i o n  t h e  e x a c t  power 

becomes a  v e r y  d i f f i c u l t  q u a n t i t y  t o  measu re .  The f a c t  t h a t  C 

s a t u r a t e s  f o r  h i g h  v a l u e s  of t h e  e l e c t r o n  f l u x  i s  e x p l a i n e d  by 

assuming t h a t  when t h e  F - c e n t e r  c o n c e n t r a t i o n  becomes h i g h  

enough, some s u r f a c e  i o n s  a r e  s u r r o u n d e d  by f o u r  F - c e n t e r s .  

Under t h e s e  c o n d i t i o n s ,  e l e c t r o n  t r a n s f e r  f rom t h e  F - c e n t e r  t o  



2+ Ba can  t a k e  p l a c e  d u r i n g  warm-up. T h i s  l e a v e s  a Ba atom 

s u r r o u n d e d  by v a c a n c i e s  and s o  t h e  atom c a n  e v a p o r a t e  t h u s  

r e n d e r i n g  i t  useless as a n u c l e u s .  The r a p i d  change f rom C de- 

penden t  on ( e l e c t r o n  f l u x ) 2  t o  a c o n s t a n t  C i s  e x p l a i n e d  by 

s a y i n g  t h a t  t h e  p r o b a b i l i t y  of  e v a p o r a t i o n  depends  on a v e r y  

h i g h  power o f  t h e  s u r f a c e  F - c e n t e r  c o n c e n t r a t i o n  hence  a  v e r y  

h i g h  power o f  t h e  e l e c t r o n  f l u x .  The t r u t h  o f  t h e  above suppo- 

s i t i o n  would l e n d  s u b s t a n c e  t o  t h e  a rgument  t h a t  many Ba n u c l e i  

must e x i s t  a t  t h e  b e g i n n i n g  o f  t h e  t h e r m a l  decompos i t i on .  It 

t h u s  seems d i f f i c u l t  t o  a c c e p t  t h e i r  h y p o t h e s i s  t h a t  t h e  ( t - y )  6 

l a w  does  n o t  h o l d  upon e l e c t r o n  bombardment b e c a u s e  no n u c l e i  

a r e  formed d u r i n g  t h e  bombardment o r  i n c r e a s e d  upon warm up. 

( i i )  Lead Azide 

The decompos i t i on  o f  i r r a d i a t e d  Ban6 h a s  been  d e s c r i b e d  

i n  f a i r  d e t a i l  s i n c e  t h e o r e t i c a l  i n t e r p r e t a t i o n s  a r e  more 

p o s s i b l e  i n  t h i s  c a s e .  However, many o t h e r  a z i d e s  have been  

i r r a d i a t e d  and  t h e i r  s u b s e q u e n t  t h e r m a l  decompos i t i ons  s t u d i e d .  

Some o f  t h e s e  w i l l  now b e  d e s c r i b e d  b u t  s p a c e  w i l l  o n l y  p e r m i t  

l i m i t e d  d e t a i l .  One o f  t h e  most  w i d e l y  s t u d i e d  compounds h a s  

been  l e a d  a z i d e ,  PbN6, p a r t i c u l a r l y  i n  v iew of  i t s  u s e  as a 

d e t o n a t o r .  Much o f  t h e  work h a s  b e e n  o f  an a p p l i e d  n a t u r e ,  b u t  

many m i l i t a r y  i n s t a l l a t i o n s  b o t h  i n  B r i t a i n  and t h e  U.S.A. have 

c o n c e n t r a t e d  some o f  t h e i r  e f f o r t s  on fundamen ta l  s t u d i e s .  Two 

forms o f  PbN6 e x i s t ,  t h e  a and  6 .  Groocock ( 1 5 )  s t u d i e d  t h e  

e f f e c t  o f  h i g h  ene rgy  x - r a y s  and  p i l e  i r r a d i a t i o n  on t h e  t h e r m a l  

decompos i t i on  o f  b a t c h e s  of  v e r y  small s i n g l e  oPbN6 c r y s t a l s  

between 253 - 292'~. The k i n e t i c s  e x h i b i t  t h e  u s u a l  a c c e l e r a t o r y ,  

23. 



However, he  compares  t h e  e f f e c t s  o f  X and  p i l e  i r r a d i a t i o n  by ; j I /  

! 
1 

maximum r a t e  and  decay ~ ~ 9 1 - 2 s .  X - i r r a d i a t i o n  ( u p  t o  abou t  l o 7  r )  ! \  
' /  

produces  a p r o g r e s s i v e  f a l l  i n  t h e  a c t i v a t i o n  e n e r g i e s  of  t h e  

decomposition (with d a s e )  but aleo renults  in c g r t s i n  complex 1 : :  
1 r 
I ,  

k i n e t i c  b e h a v i o r .  For  example ,  w i t h  i n c r e a s i n g  X - i r r a d i a t i o n  I .  ! I "  

I 1 
dose t h e  maximum r a t e  f i r s t  i n c r e a s e s  t h e n  p a s s e s  t h r o u g h  a $ 1 .  

b I , /  

minimum (be low t h e  v a l u e  f o r  u n i r r a d i a t e d  m a t e r i a l )  and  t h e n  

c a l c u l a t i n g  t h e  e n e r g y  d e p o s i t i o n  i n  b o t h  c a s e s .  He conc ludes  

1 
j 

1 
1 

t h a t  p i l e  i r r a d i a t i o n  i s  s l i g h t l y  l e s s  e f f e c t i v e  t h a n  h i g h  

ene rgy  x- rays  i n  a l t e r i n g  t h e  s u b s e q u e n t  t h e r m a l  decompos i t i on  

r i s e s  ( t o  above t h e  " u n i r r a d i a t e d "  v a l u e )  t o  a  maximum. The I 1 ,  

k i n e t i c s .  

t i m e  r e q u i r e d  t o  r e a c h  maximum r a t e  i s  much r educed  by i r r a d i a -  
I 

* , i  
I ! I  

I I t i o n .  Groocock c o n s i d e r s  t h a t  t h e  c o m p l e x i t y  of  t h e  i r r a d i a t i o n  
I 1  

I '  

e f f e c t s  and s u b s e q u e n t  t h e r m a l  d e c o m p o s i t i o n  do n o t  r e n d e r  any 1 

i 1 
s p e c u l a t i o n  a s  t o  d e t a i l e d  r e a c t i o n  mechanisms w o r t h w h i l e .  I 

1 .  
! 

3 

~ach''!) s t u d i e d  t h e  e f f e c t  o f  e x t e n s i v e  r e a c t o r  i r r a d i a -  

1 
I 

I 
I 

1 

I 

t i o n  d o s e s  on c o l l o i d a l  aPbNG o v e r  a  much w i d e r  t e m p e r a t u r e  

r ange  ( 1 7 3 - 2 5 3 ° ~ ) .  A t y p i c a l  a v s  t p l o t  f o r  normal  and 

i r r a d i a t e d  m a t e r i a l  i s  shown i n  f i g .  5 .  The a c c e l e r a t o r y  r e -  

g ion  o f  t h e  u n i r r a d i a t e d  m a t e r i a l  i s  w e l l  f i t t e d  t o  t h e  equa- 

t i o n .  

where uo,  to  a r e  c o r r e c t i o n s . w h i c h  t a k e  i n t o  a c c o u n t  c e r t a i n  

u n s p e c i f i e d  s u r f a c e  r e a c t i o n s  which  o c c u r  b e f o r e  t h e  main 

a c c e l e r a t o r y  r e g i o n .  F i g .  5 shows t h a t  t h e  i r r a d i a t i o n  d r a s -  



t i c a l l y  r e d u c e s  t h e  i n d u e t ? . o n  pericd an? increases t h e  maximum 

r a t e  and decay r a t e .  The rkrnax f o r  u n i r r a d i a t e d  m a t e r i a l s  i s  

normally a round  0.b. Xrradiation red.uces t h i s  p r a c t i c a l l y  t o  

z e r o  i . e .  t h e  r e a c t i o n  now b e g i n s  a l m o s t  w i t h  i t s  maximum r a t e .  

S i n c e  t h e  i r r a d i a t i o n s  may b e  d e s c r i b e d  as "heavy" and  t h e  

change  i n  k i n e t i c s  r a t h e r  s e v e r e ,  J a c h  p o i n t s  o u t  t h a t  c a r e  

must b e  e x e r c i s e d  i n  c h o o s i n g  a p a r a m e t e r  w i t h  which t o  compare 

k i n e t i c s  and  a c t i v a t i o n  e n e r g i e s  for i r r a d i a t e d  a n d  u n i r r a d i a t e d  

m a t e r i a l .  S i n c e  t h e  d e c a y  s t a g e  a l m o s t  c e r t a i n l y  o n l y  i n v o l v e s  

g rowth  p r o c e s s e s  ( t h e  c o n t r i b u t i o n  f rom newly formed n u c l e i  

b e i n g  p r a c t i c a l l y  n i l )  t h e  p a r a m e t e r  chosen  w a s  k i n  t h e  e q u a t i o n  I I 

which f i t s  the decay s t a g e  o f  b o t h  i r r a d i a t e d  a n d  u n i r r a d i a t e d  
. 1 

m a t e r i a l .  a- ( w h i c h  i s  n o t  n e c e s s a r i l y  u n i t y )  and  to a r e  

I 
constants, The change i n  decay  r a t e  i s  i n d i c a t e d  i n  t h e  fo l low-  /I 1 

, l i  

i n g  two r a t e  e x p r e s s i o n s  o b t a i n e d :  : a / I  

and  i s  shown i n  t h e  A r r h e n i u s  p l o t  f i g u r e  6 ,  Groocock a l s o  

n o t e d  a  s u b s t a n t i a l  d e c r e a s e  i n  a c t i v a t i o n  e n e r g y  f a l l o w i n g  X 

and  p i l e  i r r a d i a t i o n .  

I n  t h e  same p a p e r ,  J a c h  points o u t  t h e  d a n g e r s  i n v o l v e d  
!. 

i n  drawing  f a r - r e a c h i n g  c o n c l u s i o n s  f rom the power l a w s  of t h e  4 
. I! 

t y p e  a = a t m ,  e s p e c i a l l y  i n  c a s e s  l i k e  Pbn6 where t h e r e  i s  . ! 
: $ 

I 



FIGURE 5 

F r a c t i o n  o f  t o t a l  d e c o m p o s i t i o n  o f  PbN6 v s  t i m e .  F u l l  

c i r c l e s  : e x p t  . p o i n t s  f o r  u n i r r a d i a t e d  m a t e r i a l  a t  

2 4 0 . 9 ~ ~ ;  open  c i r c l e s  : e x p t .  p o i n t s  f o r  i r r a d i a t e d  

m a t e r i a l  a t  2 3 8 . 5 ' ~ ;  o t h e r  p o i n t s  a r e  t h e  a t t e m p t e d  

f i t s  i n d i c a t e d  by a r r o w s .  





FIGURE 6 --.- 

Arrhenius plot of k f b - r  t h e  decey s t a g e ;  fit w i t h  

equation 

u = am I; - exp[-k(t-t ) ]  
b 0 1 





o b v i o u s l y  some i n i t i a l .  ;:i.a.c.kioa ~ l ? l c  t c b s  c u r e s  t h e  main one .  

The e q u a t i o n  ( a  - a o )  = i. .; - .#. I, )' r e d u c e s  t h i s  o b j e c t i o n  some- 
0 

what  s i c c e  a * ,  tomay b e  r c f f n s d e d  as a c e r r e c t i o a  5 0  a and t which 

t e n d s  t o  " e l i m i n a t e "  'the oktscuring r e a c t i o n .  However, i t  i s  

p o s s i b l e  t o  draw some g e n e r a l i z e d  t o p o c h e m i c a l  c o n c l u s i o n s  from 

t h e s e  power l a w s  i f  some t r e n d  i n  t h e  power i s  o b s e r v e d  with a 

v a r i a t i o n  i n  t e m p e r a t u r e ,  i r r a d i a t i o n  c o n d i t i o n s ,  e t c .  The r e a d e r  

r e g i o n s  o f  t h e  c r y s t a l .  However, a s  r e g a r d s  i r r a d i a t i o n ,  J a c h  

8 ,  

i s  r e f e r r e d  t o  t h e  o r i g i n a l  p a p e r  f o r  d e t a i l s ,  b u t  e v i d e n c e  e x i s t s  
, 

! 

f o r  assuming t h a t  a  two and a t h r e e  d i m e n s i o n a l  r e a c t i o n  o c c u r  
' 

s i m u l t a n e o u s l y .  The two d i m e n s i o n a l  r e a c t i o n  p r o b a b l y  i n v o l v e s  
' 

i '  
decompos i t i on  a t  g r a i n - b o u n d a r i e s ,  d i s l o c a t i o n s ,  e t c .  w h i l e  t h e  : j  I 

3 d i m e n s i o n a l  r e a c t i o n  i s  s i m p l y  growth  i n t o  t h e  more p e r f e c t  , I '  

i 1  

conc ludes  t h a t  i r r a d i a t i o n  v a s t l y  i n c r e a s e s  t h e  c o n c e n t r a t i o n  of  
. I 

I 
I 
/ 
i 
1 , 
1 I 

i 
1 

p o t e n t i a l  n u c l e i .  On a t t a i n i n g  f u r n c c e  t e m p e r a t u r e ,  a r a p i d  

two d i m e n s i o n a l  r e a c t i o n  o c c u r s  which s u r r o u n d s  a l l  " p e r f e c t "  

a r e a s  o f  c r y s t a l  w i t h  P b ,  t h e  d e c o m p o s i t i o n  p r o d u c t .  From t h e n  

on ,  t h e  r e a c t i o n  n a t u r a l l y  f o l l o w s  c o n t r a c t i n g  enve lope  k i n e t i c s .  

The decay  r a t e  i s  shown t o  r e f l e c t  t h e  r a t e  a t  which t h i s  

t 1 i n t e r f a c e  p e n e t r a t e s  t h e  p e r f e c t 1 '  c r y s t a l l i l e s .  If i t  i s  

assumed t h a t  t h e  growth  mechanism i n  some way i n v o l v e s  t h e  ex- 

c i t a t i o n  o f  a n  e l e c t r o n  from t h e  full band t o  a n  e l e c t r o n  t r a p  

below t h e  c o n d u c t i o n  band  t h e n  t h e  d e c r e a s e  I n  a c t i v a t i o n  energy 

upon i r r a d i a t i o n  might  r e s u l t  f rom a p o s s i b l e  change  i n  t h i s  

e x c i t a t i o n  e n e r g y  a f t e r  20% i r r a d i a t i o n  d e c o m p o s i t i o n  which h a s  

o c c u r r e d  p r i o r  t o  t h e  t h e r m a l  d e c o m p o s i t i o n .  The p r e s e n c e  of 

one f o r e i g n  body f o r  every 5 l a t t i c e  p o i n e s  must i n t r o d u c e  l a r g e  



l o c a l  s t r a i n s  which a r e  nc2 ~ . n n e a i - d  and t h e s e  can  i n t r o d u c e  
I 

e l e c t r o n  t r a p s .  These t rs7s  a r e  p r o b a b l y  d e e p  s o  t h a t  t h e r m a l  
I 

e x c i t a t i o n  f rom t h e  f x i l  b a n d  IB e a s i e r .  The a c t  o f  decomposi- 1 
I 
I ' 

t i o n  i s  assumed,  i n  a g e n e r a l  way, t o  depend upon t h e  u n t r a p p i n g  
I I 

of t h e s e  e l e c t r o n s .  The l a r g e  d e c r e a s e  i n  p r e - e x p o n e n t i a l  

1 
f a c t o r  i s  more d i f f i c u l t  t o  i n t e r p r e t .  I t  i s  d i f f i c u l t  t o  s e e  

how c r a c k i n g ,  f a u l t i n g ,  e t c ,  c a n  c a u s e  s u c h  a  ma jo r  change i n  

t h e  p r e - e x p o n e n t i a l  f a c t o r .  J a c h  t e n t a t i v e l y  s u g g e s t s  t h e  

f o l l o w i n g .  The i r r a d i a t i o n  decompos i t i on  l e a v e s  b e h i n d  what 

must be a  f a i r l y  open s t r u c t u r e .  If decompos i t i on  i s  governed 

I 
by t h e  r e a c t i o n  between two e n t i t i e s  such  a s  a z i d e  r a d i c a l s ,  ; i .  

, * 

o r  an a z i d e  i o n  p l u s  an  a z i d e  r a d i c a l  (as  h a s  been p u t  fo rwaru  

many t i m e s ' i n  c o n n e c t i o n  w i t h  a z i d e  d e c o m p o s i t i o n s )  t h e n  t h e  

p r e s e n c e  o f  v a c a n c i e s  homogeneously  d i s t r i b u t e d  would h i n d e r  

t h e  r e a c t i o n  be tween  t h e s e  e n t i t i e s .  A s i m p l e  minded p i c t u r e  

-I3 s e c s .  a n d  
! , s t  

i s  t h e s e  two e n t i t i e s  coming t o g e t h e r  e v e r y  1 0  $ 1  

r e a c t i n g  i f , t h e y  have s u f f i c i e n t  e x c i t a t i o n  e n e r g y .  The p a r t i a l  

r e l a x a t i o n  i n t o  t h e s e  v a c a n c i e s  c o u l d  d e c r e a s e  t h e  r e a c t i o n  t I '  ' 

p r o b a b i l i t y  by t h e  f o u r  o r d e r s  o f  magn i tude  obse rved .  Th i s  

i s  a k i n  t o  a  p r o b a b i l i t y  f a c t o r  o p e r a t i v e  i n  b i m o l e c u l a r  r e a c t i o n s  

where t h e  p r o b a b i l i t y  i s  s t r o n g l y  i n f l u e n c e d  by s t e r f c  f a c t o r s .  

I t  i s ,  s o  t o  s p e a k ,  a  r e v e r s e  c a g e  e f f e c t .  

From t h e  p o i n t  o f  v iew o f  i r r a d i a t i o n  e f f e c t s ,  t h e  two 
1 I 

compounds d e s c r i b e d  a b o v e ,  PbNG and BaNg a r e  t h e  most i m p o r t a n t  
.p 

s i n c e  t h e y  have  been  t h e  most  w i d e l y  s t u d i e d .  Many o t h e r s  have 

been  s t u d i e d  b u t  v e r y  l i t t l e  has been  s a i d  o f  t h e s e  r e g a r d i n g  

i r r a d i a t i o n .  Only PbB6 has p r a c t i c a l  use .  The a l k a l i e  a z i d e s  
1 



have proved  more d i f f i c u l t  t o  s%sby oain::;~ .because the 'iolatility 

of f h e  p r o d u c t  m e t a l  ( K , x ~  , e t c .  d e s t r o y s  t h e  r e p r o d u c i b i l i t y ,  

~ - ~ ~ a d i a t i o n  studfen t f i ? n  become moenlngless. Perhaps a more 

i m p o r t a n t  r e a s o n  i s  t h a t  t h e  heavy  m e t a l  a z i d e s  a r e  more slow t o  

T h i s  r e s u l t s  in an i n d u c t i o n  p e s i o d  and s igmoida l  

k i n e t i c s .  It i s  i n  such Cases  t h a t  i r r r t d f a t i o n  h a s  i t s  l a r g e s t  

and most  o b v i o u s  i n f l u e n c e ,  n a m e l y , t h e  p r o d u c t i o n  of  more n u c l e i  

or  p o t e n t i a l  n u c l e i .  I f  u n i r r a d i a t e d  m a t e r i a l  were t o  n u c l e a t e  

I i n s t a n t l y  ( r e s u l t i n g  i n  c o n t r a c t i n g  enve lope  k i n e t i c s )  it i s  

c l e a r  t h a t  an i r r a d i a t i o n  e f f e c t  o f  t h e  'type j u s t  cons ide red  

w i l l  be l o s t ,  s i n c e  t h e  e f f e c t  of  any i r r a d i a t i o n  produced nuc l e i  

w i l l  b e  swamped by t h o s e  a l r e a d y  p r e s e n t .  Bowever, i r r a d i a t i o n  

c a n  p r o d u c e  marked e f f e c t s  even when n u c l e a t i o n  i s  normal ly  

i n s t a n t a n e o u s  ( s e e  l a t e r  - Bromates )  but r e p r o d u c i b i l i t y  i s  a 

n e c e s s a r y  p r e r e q u i s i t e .  Mention s h o u l d  h e r e  be made of  a  s t udy  

by J a c o b s  and Tompkins of  the KN t h e r m a l  a e c o n p o s i t i a n  (13) i n  
3 

w h i c h  p r e - i r r a d i a t i o n  w i t h  U.V. was c a r r i e d  auk, They conclude 

t h a t  U . V .  c r e a t e  more n u c l e u s  c e n k e r s  and one e f f e c t  of t h i s  

is t o  e l i m i n a t e  i r r e p r o d u c i b i l i t y  o t h e r w i s e  o b t a i n e d .  A s imi l , s r  
I 

! 

i n f l u e n c e  o c c u r s  w i t h  K B r O  ( s e e  l a t e r ) ,  Also,  an  enhancement 3 

of x a t e  i s  f o u n d ,  

The t h e r m a l  decomposEt ions  of me ta l  o x a l a t e s  have been 

s t u a i e d  w i t h  p a r t i c u l a r  emphas i s  on t h e  s i l v e r  and n i c k e l  com- 

P o u n d s .  The a vs t curves atre a lways s i g m o i d a l  'but a d u a l i t y  
11 

Of t h e  t y p e  of a c c e l e r a t o r y  r e g i o n  e x i s t s ,  namely t h e  exponen- 

t i a l "  and law" t y p e .  B a s i c a l l y ,  t h e s e  a r e  a = *exp(kt) 



m and u = Bt respectively, The exponential lau  is generally re- 

garded as indicative of a chain reaction i.e. the branching of 

a growing nucleus whersas the power law % n d i c a t e s  a fixed ! I 
; I 

I 
topochemical scheme in which "m" depends on whether nuclei ' < I  

(i) Silver Oxalate 

Aaynes and ~oung':~) conducted an extensive kinetic investi- 

gation of the effect of small reactor doses on the subsequent 

I 

grow in 1, 2, or 3 dimensions and on the law governing their 
' 1 , -  

, I  , 
rate of increase. 

I 

thermal decomposition of silver oxalate. They found it was not I 1 1  
I ! 

1 
I 

possible to reproduce results for fresh unirradiated material. . . I 1  
The acceleratory region sometimes followed the exponential and 

other times a cubic law kinetic picture. The decay period, 

however, was reproducible if the period below a = 0.5 was 

"eliminated" by translating the runs to a common time at a = 0.5. 

The decay period followed tqcontracting cube" kinetics given by 

3 a = 1 - (1 p kt) . . . . . . . . . . . . . . . . . . . . . . . * . . . * . . . . . . . . O  (19) 

The freshly prepared material was irradiated for times between 

5 and 40 minutes in the B.E.P.O. core (thermal flux 1.2 x 10 12 , * I ;  
I I I  

2 neutrons/cm /see). The subsequent thermal decomposition was . I  ; I  
I I 

still found to be irseproducible, but in a different way. Now i 

the a vs t curves,for t h e  acceleratory region were "predominantly 

cubicn, since a ' I 3  v s  t were "moderately straight plots." By 

introducing a time correction to the data and then multiplying 

' ,  each of' the a values for a given run by a given factor it was ' 1  
possible to superimpose all the curves for irradiated fresh 

I /  
I 1 
U 8 

material. It indicates that although the results are irreproducibSe, : I j  

29 
I I !  t 



t h e y  a l l  a p p e a r  t o  have t h e  same k i n e t i c  fo rm,  namely a n  

a p p r o x i m a t e l y  c u b i c  a c c e l e r a t o r y  r e g i o n  f o l l o w e d  by  a  "con- 

tracting c u b i c "  decay  p e r i o d .  S i n c e  b o t h  i r r a d i a t e d  and 

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

it i s  assumed t h a t  an i n t e r f a c e  i s  e s t a b l i s h e d  which a f t e r  t h e  

maximum r a t e  s t a g e ,  moves i n t o  t h e  c r y s t a l  a t  a c o n s t a n t  r a t e ,  

The i r r e p r o d u c i b i l i t y  below t h e  maximum r a t e  i s  a s s o c i a t e d  

w i t h  d i f f e r e n c e s  i n  t h e  way i n  which t h i s  i n t e r f a c e  i s  e s t a b -  

l i s h e d ,  namely ,  t h e  r a d i o l y s i s  r e s u l t s  i n  d i f f e r e n t  numbers of  

ll growth n u c l e i " .  

Haynes and  Young draw t h e  f o l l o w i n g  c o n c l u s i o n s .  For  . . 

f r e s h  u n i r r a d i a t e d  m a t e r i a l ,  t h e  k i n e t i c  form depends on t h e  

n a t u r e  o f  t h e  e x t e r n a l  and i n t e r n a l  s u r f a c e s  exposed d u r i n g  
1 

t h e  r e a c t i o n .  C r a c k i n g ,  p r o b a b l y  due t o  t h e  r e l e a s e  o f  occ luded  

s o l v e n t  t a k e s  p l a c e  i r r e g u l a r l y  t h r o u g h o u t  t h e  e a r l y  s t a g e s  o f  

t h e  r e a c t i o n .  A t  t h e  maximum r a t e  c r a c k i n g  h a s  c e a s e d  and 

each  c r y s t a g l i t e  i s  c o v e r e d  by p r o d u c t .  T h i s  cove rage  c o u l d  

be  a c h i e v e d  by an  " e x p o n e n t i a l "  b r a n c h i n g  p r o c e s s  (which 

would g i v e  i n t e r c o n n e c t e d  compact n u c l e i )  o r  by a  s i m p l e  f i r s t  

o r d e r  n u c l e u s  f o r m a t i o n  l aw  ( t h e  l a t t e r  s h o u l d  t h e o r e t i c a l l y  

4 
y i e l d  a a t l a w )  whereas  Haynes a n d  Young o n l y  ment ion  t h e  

power o b t a i n e d  i n  one r u n ,  namely ,  3.7.  Fo r  i r r a d i a t e d  f r e s h  

m a t e r i a l  t h e y  s u g g e s t  t h a t  t h e  l i g h t  i r r a d i a t i o n  dose  p o i s o n s  

t h e  b r a n c h i n g  p r o c e s s  by  c o n v e r t i n g  t h e  b r a n c h i n g  p o i n t s  from 

'germ'' t o  "growth" n u c l e i  a f t e r  which  t h e  o n l y  p o s s i b i l i t y  i s  

t h e  growth o f  a  c o n s t a n t  number o f  compact n u c l e i  from s i t e s  

de t e rmined  b y  the nature a n d  e x t e n t  of the p r e - i r r a d i a t i o n  and 



by c r a c k i n g .  However, it i s  n o t  c l e a r  why i r r e p r o d u c i b i l i t y  

shou ld  s t i l l  e x i s t  a f t e r  i r r a d i a t i o n .  ' If t h e i r  mechanism were 

operat ive  it would seem t h a t  a  h i g h e r  i r r a d i a t i o n  dose would 

enhance t h e  number of compact n u c l e i  i n  a  manner p r o p o r t i o n a l  

t o  t h e  dose .  F u r t h e r m o r e ,  i t  i s  g e n e r a l l y  a c c e p t e d  t h a t  

b r a n c h i n g  o c c u r s  a t  g r a i n  b o u n d a r i e s  i f  a t  a l l .  Here r e a c t i v i t y  

i s  h i g h e r  t h a n  i n  b u l k  m a t e r i a l .  I t  i s  d i f f i c u l t  t o  s e e  how 

i r r a d i a t i o n ,  e s p e c i a l l y  such  l i g h t  d o s e s ,  c a n  change t h i s  

p i c t u r e .  If t h e  b r a n c h i n g  p o i n t s  were c o n v e r t e d  from "germ9' 

t o  "growth" n u c l e i ,  t h e  o n l y  e f f e c t  would seem t o  b e  a  sys tema-  

t i c  enhancement o f  t h e  ( e x p o n e n t i a l )  g rowth  r a t e  w i t h  i r r a d i a -  . . 

t i o n  d o s e .  

The number o f  new ( g r o w t h )  n u c l e i  c r e a t e d  b y , i r r a d i a t i o n  

w i l l  n o t  b e  enough t o  change  t h e  k i n e t i c s , .  s i n c e ,  by i t s  v e r y  

n a t u r e ,  t h e  e x p o n e n t i a l  p r o c e s s  w i l l  v e r y  s h o r t l y  a f t e r  f u r n a c e  

t e m p e r a t u r e  h a s  been  a t t a i n e d ,  overshadow t h e  e f f e c t  o f  new 

i r r a d i a t i o n , p r o d u c e d  n u c l e i .  Only a  v e r y  l a r g e  d o s e ,  which 
t 

would c r e a t e  many g rowth  n u c l e i  a t  t h e  s u r f a c e  and i n  t h e  b u l k  

might b e  e x p e c t e d  t o  change  an  e x p o n e n t i a l  t o  a  c u b i c  l a w .  But 

t h e n  amax would b e  c l o s e  t o  z e r o ,  which  it i s  n o t ,  

A f t e r  a n n e a l i n g  t h e y  f i n d  t h a t  t h e  i r r e p r o d u c i b i l i t y  was 

e l i m i n a t e d  .and  t h a t  now a s y s t e m a t i c  i r r a d i a t i o n  e f f e c t  o c c u r s  

w i t h  i n c r e a s i n g  dose .  B a s i c a l l y ,  . t h e y  f i n d  an i n c r e a s e  i n  t h e  

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

i n c r e a s e  i n  a max (0.4 + 0.7). A l s o ,  t h e  a c c e l e r a t o r y  r e g i o n  

i s  now more c l o s e l y  f i t t e d  t o  a  cube l a w  w h i l e  t h e  decay  s t a g e  

d e v i a t e s  f rom t h e  c o n t r k c t i n g  cube  expressions f o r  h i g h  d o s e s  



( 4 . 3  x  1 0 1 5 n v t ) .  They explain t h e s e  r e s u l t s  by assuming  t h a t  

i n  h e a v i l y  i r r a d i a t e d  mate r iva l ,  compact g rowth  n u c l e i  can  b e  

e s t a b l i s h e d  i n  l o c i  where %hey do n o t  r e a d i l y  o v e r l a p  w i t h  o t h e r  

n u c l e i .  Then t h e y  would c o n t r i b u t e  t o  t h e  t 3  dependence  b u t  

s i n c e  t h e y  do n o t  o v e r l a p  a s  r e a d i l y  t h e  maximym r a t e  would 

o c c u r  a t  h i g h e r  v a l u e s  o f  a  t h a n  f o r  u n i r r a d i a t e d  m a t e r i a l .  

A t  t h e  same t i m e ,  t h e r e  a r e  s t i l l  r e g i o n s  o f  h i g h  n u c l e u s  den- 

s i t y  a t  t h e  s u r f a c e .  

Again,  it i s  d i f f i c u l t  t o  r e c o n c i l e  t h e s e  s p e c u l a t i o n s  

w i t h  expe r imen t  o r  t h e o r y ,  I t  i s  general3.y a c c e p t e d  t h a t  r e -  

a c t i o n  w i t h i n  t h e  b u l k  o f  a n e a r  p e r f e . c t  c r y s t a l l i t e  i s  un- 

l i k e l y  s i n c e  e s c a p e  of o n l y  t h e  v e r y  s m a l l e s t  g a s  m o l e c u l e s  i s  

p o s s i b l e .  It seems j u s t  as l i k e l y  t h a t  i r r a d i a t i o n  i n d u c e d  

s t r a i n  l e a d s  t o  a  l a r g e r  number o f  s m a l l e r  c r y s t a l l i t e s  and 

i f  i t  i s  assumed t h a t  t h e  number o f  g rowth  n u c l e i  i s  p r o p o r t i o n a l  

t o  t h e  newly exposed  s u r f a c e  a r e a ,  t h e n  t h e  l a r g e r  c r y s t a l s  w i l l  

e x h i b i t  l ower  amax t h a n  t h e  s m a l l e r  ones  produced  by i r r a d i a t i o n .  

Expe r i ence  h a s  shown t h a t  d i s t i n c t i o n  be tween  an e x p o n e n t i a l  

and power law can be  a  v e r y  d i f f i c u l t  t a s k  i f  a t  a l l  p o s s i b l e .  

I t  would seem t h a t  such  d i s t i n c t i o n s  a r e  v a l u a b l e  o n l y  when 

v e r y  d e f i n i t e  t r e n d s  o c c u r  w i t h  s u c h  v a r i a b l e s  a s  t e m p e r a t u r e ,  

i r r a d i a t i o n ,  e t c .  

( i i )  N i c k e l  O x a l a t e  

The decompos i t i on  of  n i c k e l  o x a l a t e  h a s  r e c e i v e d  some a t t e n -  

t i o n .  The i r r a d i a t i o n  e f f e c t  f o r  d e h y d r a t e d  n i c k e l  o x a x a t e  has  

b e e n  s t u d i e d  by  J a c h  and G r i f f e l  (18) . They u s e d  p o l y c r y s t a l l i n e  

m a t e r i a l  and worked i n .  t h e  r a n g e  253-360°c, a q u i t e  l a r g e  span  



far t h i s  m a t e r i a l *  F i g *  7 shows some of t h e  obse rved  i r r a d i a -  

t ion  e f f e c t s -  Curve B shows a t y p i c a l  a v s  t p l o t  f o r  u n i r r a d i -  

a t e d  m a t e r i a l  An  accelerator^ r e g i o n  i s  p r e s e n t  and is r e p r e -  

s e n t e d  by  an ( a  - a o )  = a ( %  - t lm t y p e  e x p r e s s i o n  w i t h  m = 2 ,  
0 

w h i l e  t h e  decay  s t a g e  c l o s e l y  f i t s  an " e x p o n e n t i a l "  t y p e  of 

d e c a y .  The t h e r m a l  decompos i t ion  of  i r r a d i a t e d  m a t e r i a l  (390 

h r s .  i n  t h e  Brookhaven G r a p h i t e  Research  R e a c t o r ,  f l u x  about  

3 1 x 1013  neutrons/cm-/set o v e r a l l  and 4 x lo1' epi-Cd) a t  a lmos t  

t h e  same t e m p e r a t u r e  i s  shown i n  curve  A which i s  on t h e  same 

s c a l e  as B w h i l e  c u r v e  C r e p r e s e n t s  t h e  i r r a d i a t e d  m a t e r i a l  

c u r v e  on an  expanded  t i m e  s c a l e  t o  d i s p l a y  more d e t a i l s  o f  t h e  . , 

a c c e l e r a t o r y  r e g i o n .  Three  i r r a d i a t i o n  e f f e c t s  a r e  a t  once 

e v i d e n t .  a )  The t i m e  r e q u i r e d  t o  r e a c h  t h e  maximum r a t e  i s  

d r a s t i c a l l y  r e d u c e d .  b )  The maximum r a t e  i s  n o t  a f f e c t e d  and 

amax i s  r e d u c e d .  The t e m p e r a t u r e  e f f e c t s  on t h e  " u n i r r a d i -  

a t e d "  r e a c t i o n  a r e  complex buL b a s i c a l l y  t h e y  f i n d  t h a t  i r r a d i -  

a t i o n  h a s  no e f f e c t  on t h e  r a t e  o r  a c t i v a t i o n  energy  i n  t h e  

r e g i o n  above  t h e  maximum r a t e ,  w h i l e  f n  t h e  e a r l y  s t a g e s  t h e  

a c t i v a t i o n  e n e r g y  i s  r e d u c e d  and t h e  r a t e  i n c r e a s e d .  The e f f e c t  

o f  t e m p e r a t u r e  and i r r a d i a t i o n  on amax i s  shown i n  f i g u r e  8. 

T h e  f o l l o w i n g  t opoche rn i ca l  model i s  i n t r o d u c e d ,  Reac t i on  b e g i n s  

a* t h e  s u r f a c e  of  e a c h  c r y s t a l l i n e  from a c e r t a i n  number of po- 

t e n t i a l  n u c l e i  which become a c t i v a t e d  by chance t h e r m a l  f l u c t u -  

a t i o n s .  Growth t h e n  p r o c e e d s  two-d imens iona l ly  i n t o  t h e  c r y s t a l l i t e  

p r o b a b l y  a l o n g  c e r t a i n  p l a n e s  ( n i c k e l  o x a l a t e  h a s  been shown t o  

h a v e  a l a y e r  l i k e  s t r u c t u r e ) .  Th i s  a c c o u n t s  f o r  t h e  power = 2. 

( J a c o b s  and  ISureishy'!?' f i n d  t h e  same pove r  and draw t h e  same 



FIGURE 7 

F r a c t i o n a l  d e c o m p o s i t i o n  a v s  t i m e  f o r  d e h y d r a t e d  n i c k e l  o x a l a t e .  

Open c i r c l e s  : u n i r r a d i a t e d  m a t e r i a l  a t  2 7 9 .  ~ O C .  

Closed c i r c l e s  : irradiated m a t e r i a l  a t  282.7'~. 







1 8  

conclusion, The activation energy for nucleus formation is a 
I 

little lower than for growth and irradiation greatly enhances , 

the number of potential nuclei but does not affect the growth 

rate. The justification for this model is as follows. The 

complexity of the Arrnenius plots indicate that nucleation and 

growth are occurring simultaneously at the beginning of the 

reaction but at elevated temperatures the growth process is i :  
I !  

enhanced relatively more than the nucleation (since it has the 1 .  I , 
, " 

higher activation energy). This is reflected in the "clean" I ,  

I 
I 

m = 2 law at lower temperatures. After irradiation this "clean" I 
m = 2 law holds even at lower temperatures. This is because I 
large numbers of potential nuclei exist so that growth of exist- 1 ' 
ing nuclei predominate. This agrees with the behavior of amax 1 

! .  
(fig. 8 ) .  The argument is that any condition favoring enhanced 

nucleation leads to a lower value of a . This condition is max 

realized by lower temperatures (lower activation energy for I 

nucleation) and irradiation (increased number of potential nuclei). 

A simple-minded topochemical model shown in fig. 9 might clarify 

this argument. The figure shows how randomly formed nuclei have I 

I I 

grown after a certain time. If conditions were such that only 

two nuclei were able to grow, the picture b) might apply. Now 
I 

a occurs when nuclei overlap. In case a) amax would clearly max 

be lower than case b). On the basis of this picture, it is 

shown why the maximum rate is not increased upon irradiation even 

though the number of nuc1ei.i~ increased. The reader is referred 
I 

i '  4 

I '  ' 

to the original paper. The fact that the decay stage is unin- I I 



FIGURE 8 

u vs temperature. max 
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FIGURE 9 

Simplified topochemical model. 





stage the interfaces have been completely established. This 

stage merely reflects the growth of this interface into the 

cryetsl. To eumnarize, ii appears that irradiation increases 

the number of nuclei but not the growth rate. 

(iii) Other Oxalates 
I 

Numerous irradiation effects on other oxalates have been , , 

described in the literature. These will be described briefly. 

Young ( 3 4 )  studied the radiation decomposition of uranyl oxalate 

which also included a brief study of the subsequent thermal de- 

14 
I 

composition after small irradiation doses (about 4  x 10 thermal , I  

' I  
I 

2 neutrons/cm /see). The fission fragment damage so produced 

leaves a fixed number of linear imperfections which are also 

lines of chemical inhomogeneity where the nucleation requirements 

have already been established. As soon as reaction temperature 

is reached, the reaction propagates radially outwards at a con- 

stant rate thus forming cylinders of product. This should lead 

to a t2 lawe which is observed. 

Finch, Jacobs and Tompkins ("I briefly studied the effect , 

of UV on the subsequent thermal decomposition of silver oxalate 

during the course of a photolysis study. The acceleratory region 

of the "unirradiated" decomposition could be represented by the 

exponential law a = cekt. The only effect of pre-irradiation 

was to increase the value of C. There is evidence for a high 

activation energy for nucleation, which process consequently 

occurs at rather special surface sites corresponding to low acti- 

" vation energy, Reaction therefore consists of growth from a few 

fixed sites. The effects of irradiation is explained simply by 



assuming an i n c r e a s e d  number o f  t h e s e  s u r f a c e  s i t e s .  Space  

does n o t  p e r m i t  a  f u l l e r  d e s c r i p t i o n  o f  t h e i r  w o ~ k  b u t  t h e y  

conc lude  t h a t  r e a c t i o n  s tar t s  st pEacee where p r e - i r r a d i a t i o n  

h a s  decomposed a  whole p a t c h  of o x a l a t e  i o n s  l e q v i n g  a n i o n  

% 
a -  
C .  v a c a n c i e s .  The n u c l e a t i o n  a c t i v a t i o n  ene rgy  t b d n  c o r r e s p o n d s  

5 . .  

t o  t h e  ene rgy  r e q u i r e d  t o  t r a n s f e r  an  e l e c t r o n i i r o m  an  o x a l a t e  i 
1. 

i o n  i n t o  an ani,on vacancy .  . . 
3 

The t h e r m a l  decompos i t i on  o f  i r r a d i a t e d  l e a d  o x a l a t e  h a s  

been  s t u d i e d  by P r o u t  e t  a 1  (21) b u t  s i n c e  t h e  e f f e c t s  a r e  s o  

s i m i l a r  t o  t h o s e  on pe rmangana te s  . s t u d i e d  by   rout t h e  r e a d e r  

i s  r e f e r r e d  t o  t h e  fo l lowing ,  d i s c u s s i o n  of  t h e  pe rmangana te s .  

( c  ) Permanganates  

The subsequen t  t h e r m a l  d e c o m p o s i t i o n s  of  i r r a d i a t e d  p e r -  

manganates  have  been  t h o r o u g h l y  s t u d i e d  by P r o u t  and co-workers  (22-25)  

The r e s u l t s  and  c o n c l u s i o n s  a r e  b a s i c a l l y  s i m i l a r  f o r  a l l  and  

s o  on ly  a  t y p i c a l  one ,  KMn04 w i l l  b e  d e s c r i b e d .  The e f f e c t  of 

t h e  v a r i o u s  t y p i c a l  i r r a d i a t i o n s  a r e  shown i n  f i g .  1 0 .  I n -  

c r e a s i n g  i r r a d i a t i o n  d o s e s  have  t h e  f o l l o w i n g  e f f e c t s .  a )  Vas t  

r e d u c t i o n  of  t h e  i n d u c t i o n  p e r i o d  and  b )  an i n c r e a s e  i n  t h e  

maximum r a t e .  Comparison of  t h e  r e s u l t s  o b t a i n e d  a f t e r  t h e r m a l  

column and x- ray  i r r a d i a t i o n  i n d i c a t e d  t h a t  x - r ays  were t h e  

e f f e c t i v e  a g e n t s .  P r o u t  c o n s i d e r s  t h a t  t h e  d i s p l a c e m e n t s  of 

+ 
s i g n i f i c a n c e  a r e  t h o s e  of  K i o n s  i n t o  i n t e r s t i t i a l  p o s i t i o n s  

by Compton r e c o i l  e l e c t r o n s .  These  w i l l  be  no more t h a n  4 o r  5 

a tomic  d i s t a n c e s  from t h e  v a c a n c i e s  c r e a t e d  and  w i l l  be randomly 

d i s t r i b u t e d  t h r o u g h o u t  t h e  c r y s t a l .  A t  t h e r m a l  d e c o m p o s i t i o n  

t e m p e r a t u r e s  ( % 2 2 5 ' ~ )  a n n e a l i n g  of t h e s e  p o i n t  d e f e c t s  and  t h e  



FIGURE 10 

Effect of pre-irradiation on thermal decomposition at 215'~. 

Whole Crystals: A-unirradiated; C - 15 hr. in BEPO; . . 

D - 15 hr. in y - hot-spot; G - 3 min. in cyclotron. 
Ground Crystals: B - unirradiated; E - 15 hr. in BEPO, 

F - 15 hr. in y - hot-spot. 





a s s o c i a t e d  Wiener ene rgy  r e l e a s e  c a n  c a u s e  bond r u p t u r e  i n  a d j a -  

c e n t  permangana te  i o n s  r e s u l t i n g  i n  a " d e c o m p o s i t i o n  c e n t e r . "  

Brout further  considare the "decomposPLion c e n l e r "  t o  b e  a reg ion  

of s t r a i n  which may r e s u l t  i n  a l o w e r  a c t i v a t i o n  e n e r g y  f o r  va- 

cancy jumps. Thus ,  p r e f e r e n t i a l  s n n e a l i n g  a round  t h i s  r e g i o n  

may g i v e  r i s e  t o  a  "decompos i t i on  s p i k e " .  A s t e a d y  a c c u m u l a t i o n  

o f  s t r a i n  r e s u l t s  which p r o d u c e s  p h y s i c a l  f r a c t u r e  a t  t h e  end 

o f  t h e  i n d u c t i o n  p e r i o d  f o l l o w e d  by a g e n e r a l  b u l k  d i s i n t e g r a -  

t i o n .  With mode ra t e  and heavy  d o s e s  t h e  f r a c t u r e  p r o c e s s  o c c u r s  

even  a f t e r  t h e  i n d u c t i o n  p e r i o d .  With heavy d o s e s  f r a c t u r e  

p roduces  an  i n s t a n t a n e o u s  b r e a k u p  o f  t h e  c r y s t a l ,  The v e r y  low 

v a l b e  of  a i s  t h e  r e s u l t .  max 

I n  s u p p o r t  o f  h i s  mechanism,  P r o u t  q u o t e s  t h e  f o l l o w i n g  

e v i d e n c e  a )  A p l o t  o f  l o g  I a g a i n s t  1 / T  where I i s  t h e  l e n g t h  

o f  t h e  i n d u c t i o n  p e r i o d ,  s h o u l d  y i e l d  an  a c t i v a t i o n  ene rgy  f o r  

vacancy  m i g r a t i o n  i f  h i s  mechanism h o l d s  ( t h i s  i s  e q u i v a x e n t  t o  

comparing a n n e a l i n g  t i m e s  d u r i n g  which t h e  same d e g r e e  of  a n n e a l -  

i n g  o c c u r s  a s  a f u n c t i o n  o f  t e m p e r a t u r e ) .  The v a l u e  found  i s  

1 . 3 1  eV. By compar i son  w i t h  v a c a n c y  m i g r a t i o n  i n  c o l d  worked 

Cu and  Ma P r o u t  a s s i g n s  h i s  e n e r g y  t o  vacancy  m i g r a t i o n *  b )  P r o t o n  

bombardment v i r t u a l l y  e l i m i n a t e s  t h e  i n d u c t i o n  p e r i o d .  T h i s  h e  

f e e l s  i s  due t o  t h e  g r e a t e r  damage done b y  f a s t  p a r t i c l e s  i n  

c r e a t i n g  a  l a r g e r  number o f  s e c o n d a r y  knock ons .  Annea l ing  w i l l  

b e  r a p i d  due t o  t h e  high c o n c e n t r a t i o n  o f  d e f e c t s  and s h o s t e n -  

i n g  of jump t i m e s  c a u s e d  by  l a t t i c e  d i s t o r t i o n s .  c )  Ground 

and whole  c r y s t a l s  i r r a d i a t e d  f o r  t h e  same t i m e  and  decomposed 

a t  t h e  same t e m p e r a t u r e  h a v e  d i f f e r e n t  i n d u c t i o n  p e r i o d s ,  t h e  



ground c a s e  b e i n g  shorter. Thi s  h e  a t t r i b u t e s  t o  t h e  g r e a t e r  

number of c l o s e  p a i r s  and  v a c a n c i e s  i n  i r r a d i a t e d  g round  ma te r -  

ial. However he  a l s o  finds a saturat ion  effect where a f t e r  

g r i n d i n g ,  e v e r  i n c r e a s i n g  i r r a d i a t i o n  d o s e s  havp no e f f e c t .  He 

c o n s i d e r s  t h a t  i n s t a n t a n e o u s  r e c o v e r y  o f  d i s p l g c e d  atoms o c c u r  
1 

a t  t h e s e  h i g h  d o s e s .  

( 2 6 )  P r o u t ' s  h y p o t h e s i s  h a s  been c h a l l e n g e d  by V . V .  Boldyrev.  

and  co-workers .  Bo lyd rev  p o i n t s  o u t  t h a t  t h e  minimum e l e c t r o n i c  

+ 
ene rgy  t o  c a u s e  Ag d i s p l a c e m e n t  i n  s i l v e r  permanganate  i s  a b o u t  

0 . 7  MeV b a s e d  on a  25 eV d i s p l a c e m e n t  e n e r g y .  P r o u t  i n d e e d  

f i n d s  t h a t  p r e l i m i n a r y  co60 . y - i r r a d i a t i o n  . (1.33 M ~ Y )  o f  AgMnO& 

does  a c c e l e r a t e  t h e  d e c o m p o s i t i o n ,  whereas  U-V (10-100 eV) 

l e a v e s  t h e  d e c o m p o s i t i o n  unchanged.  However, B o l y d r e v t s  e x p e r i -  

m e n t a l  d a t a  do n o t  s u p p o r t  P r o u t ' s  mechanism. Such expe r imen t s  

i n c l u d e  i r r a d i a t i o n  o f  AgMnOh w i t h  0 . 2  MeV x - rays  ( i . e .  l e s s  

t h e n  a  f h i r d  o f  t h e  t h r e s h o l d  e n e r g y )  which r e s u l t e d  i n  a marked 

i n c r ~ ~ s e  i n . t h e  r a t e  o f  t h e r m a l  d e c o m p o s i t i o n ,  even though t h e  

r 8 d i a t i o n  d o s e s  were  an  o r d e r  o f  magni tude  s m a l l e r  t h a n  t h o s e  

u s e d  by P r o u t  . I n  a d d i t i o n ,  Bo ldy rev  p o i n t s  o u t  t h a t  t h e  decom- 

p o s i t i o n  o f  Barium a z i d e  i s  a p p r e c i a b l y  a c c e l e r a t e d  a f t e r  de- 

compos i t i on  by  r e l a t i v e l y  s o f t  x - r a y s  (50-70 K ~ v ) .  T h i s  a g a i n  

does  n o t  s u p p o r t  P r o u t s s  mechanism. However, Boldyrev  does  con- 

s i d e r  t h e  p o s s i b i l i t y  t h a t  it i s  n o t  P r o u t ' s  mechanism which 

i s  a t  f a u l t  b u t  r a t h e r  t h e  c a l c u l a t i o n  f o r  i t s  v e r i f i c a t i o n .  Thus ,  

f o r  example,  t h e  v a l u e  25 eV f o r  i o n  o r  atom d i s p l a c e m e n t  may b e  

q u i t e  i n  e r r o r  f o r  s u c h  p o s i t i o n s  as a t  a d i s l o c a t i o n ,  e t c .  



Unl ike  P r o u t ,  Bo legsev  and co-workers c o n s i d e r  t h e  most 

p r o b a b l e  c a u s e  far t h e  a c c e l e r a t i o n  o f  t h e r m a l  d e c o m p o s i t i o n  

subsequent  to i r r a d i a t i o n  is the radiolytic inclusion of a 

s o l i d  p r o d u c t  i n t o  t h e  l a t t i c e  o f  t h e  i n i t i a l  s u b s t a n c e .  The 

a c c e l e r a t i o n  t h e n  r e s u l t s  from d e f o r m a t i o n  of  t h e  i n i t i a l  sub-  

s t a n c e  l a y e r  a t  t h e  i n t e r f a c e  w i t h  t h e  r a d i o l y t i c  p r o d u c t  and 

t h e  e a s e  w i t h  which e l e c t r o n i c  and i o n i c  p r o c e s s e s  o c c u r  i n  . 
t h i s  r e g i o n ,  A s i m i l a r  i d e a  h a s  a l r e a d y  been  p r o p o s e d  by J a c h  

f o r  t h e  aPbNG d e c o m p o s i t i o n  ( 1 6 )  

( d )  Bromates  

Very l i t t l e ,  i f  a n y ,  i r r a d i a t i o n  . . s t u d i e s  have  been  done 

on the t h e r m a l  d e c o m p o s i t i o n  of  compounds of  t h e  t y p e  t h a t  a r e  

i n s t a n t l y  n u c l e a t e d .  I t  would a p p e a r  t h a t  s i n c e  t h e  p r imary  

i r r a d i a t i o n  e f f e c t  i s  n u c l e a t i o n  enhancemen t ,  any e f f e c t  o f  

i r r a d i a t i o n  would be  masked i n  s u c h  compounds. T h i s  i s  l a r g e l y  

t r u e ,  b u t  t h e r e  do e x i s t  some s u b t l e r  e f f e c t s .  An e a r l y  s t u d y  

on p o t a s s i u m  bromate  ( 2 7 )  r e v e a l e d  t h a t  i r r a d i a t i o n  h a s  a  marked 
\ 

e f f e c t  on t h e  d e c o m p o s i t i o n  even  t h o u g h  t h i s  compound i s  n u c l e -  

a t e d  i n s t a n t l y  and d i s p l a y s  i t s  maximum r a t e  a t  t = 0. An 

A r r h e n i u s  p l o t  showed a  marked d i s c o n t i n u i t y  o v e r  which a  t e n -  

f o l d  i n c r e a s e  i n  r a t e  o c c u r r e d  i n  u n i r r a d i a t e d  m a t e r i a l .  T h i s  

i s  b e l i e v e d  due  t o  m e l t i n g  o f  a e u t e c t i c  formed between t h e  

p r o d u c t  K B r  and  KBr03, The b roma te  i n  t h e  l i q u i d  p h a s e  decom- 

p o s i n g  much f a s t e r  t h a n  i n  t h e  s o l i d  s t a t e .  The i n t e r e s t i n g  

e f f e c t  o f  i r r a d i a t i o n  h e r e  was t o  remove t h i s  d i s c o n t i n u i t y  

( o r  r a t h e r ,  i f  t h e r e  was a d i s c o n t i n u i t y  w i t h  i r r a d i a t e d  ma te r -  

f a 1  it was d i s p l a c e d  t o  a t e m p e r a t u r e  t o o  low t o  be o b s e r v e d ) .  



This was interpreted as enhanced melting due to strain imposed 

by irradiation products. However, these bromate studies were 

followed by a more axtenaivr and m e a n i n g f u l  atudy o f  N a B r O g  ( 2 8 , 2 9 1  
* 

Jach has shown that there might possibly be irradiation effects 

other than enhanced nucleation. The thermal decomposition of 

polycrystalline NaBrO was studied in the temperature range 
3 

323-430~~. The only products are NaBr and oxygen. A typicaJ. 

decomposition is shown in fig. 11. Such behavior is typical of 

decompositions in which the surface of a crystallite becomes 

nucleated the instant the temperature is attained. Following 

this, the reactant-product interface advances into the crystal 

at a constant rate. The rate is therefore a maximum at the 

beginning and falls off according to a definite topochemical 

scheme, Various attempts to fit the curves with a mathematical 

expression failed except for the cubic expression 

where a, b, c are positive quantities. If the original crystallite 

i s  a cube of side A and the interface advances at a rate k 

(length/time) then clearly 

where r = k/A. 



FIGURE 11 

a vs time in low temperature region for NaBrO st 330~6. 3 





The cubic fit to the experimental points is therefore consis- 

tent with the "contracting cube" type of kinetics. Bowever, 

it should be mentioned that over most o f  the temperature range 

studied decomposition is preceded by some incipient form of 

melting. This is shown in fig. 12. which shows an Arrhenius 

da plot of the initial rate The large discontinuity is 
t=o. 

due to the onset of what is probably the melting of a eutechic 

between NaBrO and product NaBr, It is different to ordinary 
3 

melting of a pure substance in that only the surface layers 

(in contact with newly forming ~ a ~ r )  melt and the system is 

well below the thermodynamic melting point. At temperatures 

below the discontinuity, the decomposition is presumably of 

the purely solid type. However, in this region the rates are 

so slow that a systematic investigation was impossible. Now, 

the "melting" does not invalidate the contracting cube kinetics 

since decomposition is faster than this melting process other- 

wise complete liquidation would occur. Comparison of equations 

20 and 21 shows that it is possible to extract from the experi- 

mental cubic expressions three values of the parameter r (or 

k/Al, one from each term. If rc*rs0r1 are the values of r 

obtained from the cubic, square and linear term respectively, 

1 / 3  then rc = (a18) , rs = (b/12)l/~ and r = (~16). 
1 

...... (23) 

Clearly, equality of these 3 quantities must strengthen the 

assumption of cubic kinetics. An Arrhenius plot of these three 

quantities is shown in fig, 13 tog,ethes with the corresponding 

values for y-ray irradiations which are discussed below. Two 

features are worth noting with unirradiated material. a) At 



FIGURE 12 
r - l  

Arrhenius p l o t  of ki = Lsl . 
t=o 





high temperatures the three quantities are practically equal. 

b) At lower temperatures (but still above the discontinuity) 

they begin to diverge  Bomewhat and below the discontinuity 

they are widely divergent. 

The basic contention arising out of this study is that 

these observed divergencies of r can be explained in terms 

of preferential reaction at "abnormal1' sites such as su'b-grain 

boundaries, dislocations, etc. As an example, Jach considers 

the kinetic equations corresponding to reaction at sub-grain 

boundaries which will be more in evidence at lower temperatures 

since he presumes that the activation energy for this mode of 

decomposition will be relatively low. Thus instead of a con- 

tracting envelope around a crystallite,low temperature might 

favor a situation where reaction begins at all sub-grain boundaries 

followed by contracting cubes around all the subgrains. Suppose 
I 

then, that the original crystaLlite cube, side A, is divided 

up into "mit subgrains of size "L". The equation corresponding 

to equation 22 is now 

where 0 = L / A .  This equation only differs from equation 22 

in that extra terms are introduced into the coefficients of 

2 the t, t and t3 terms. These extra terms result in the di- 

vergences seen in figure 13. It is possible to solve for r, 

Q and m and the "activation energy" of these quantities are 

self-consistent. se he reader is referred to the original 



FIGURE 12 

Arrhenius p l o t  o f  cube law parameters (showing y-ray effects) 
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However, i t  i s  p o i n t e d  o u t  t h a t  any  r e a c t i o n  o t h e r  t h a n  

t h e  normal  c o n t r a c t i n g  cube a round  a  c r y s t a l l i t e  w i l l  i n t r o -  

duce  extra terms i n  the coefficients and  might  t h e r e f o r e  a l s o  

e x p l a i n  t h e  d i v e r g e n c e s .  Fo r  example ,  p r e f e r e n t i a l  r e a c t i o n  

a l o n g  a  d i s l o c a t i o n  might r e s u l t  i n  a n  expan$ing c y l i n d e r  o f  

p r o d u c t  ( w i t h  d i s l o c a t i o n  l i n e  a s  a x i s  o f  c y l i n d e r )  and might  

t h e r e f o r e  i n t r o d u c e  a  s t r o n g  e x t r a  t e r m  i n  t h e  t2 c o e f f i c i e n t ,  

2 t h e  volume o f  t h e '  c y l i n d e r  being, p r o p o r t i o n a l  t o  t . The 

k i n e t i c  a n a l y s i s  m e r e l y  d e m o n s t r a t e s  t h a t  t h e  assumpt ion  o f  

p r e f e r e n t i a l  r e a c t i o n  ( a t  l ower  t e m p e r a t u r e )  a t  "abnormalf1 

s i t e s  can e x p l a i n  t h e  d i v e r g e n c e s  o f  t h e  cube l a w  p a r a m e t e r s .  

One o f  t h e  main p u r p o s e s  of  i n t r o d u c i n g  t h i s  k i n e t i c  an- 

a l y s i s  was t o  d e m o n s t r a t e  any p o s s i b l e  i n f l u e n c e s  o f  i r r a d i a -  

t i o n .  A r r h e n i u s  p l o t s  o f  t h e s e  p a r a m e t e r s  a f t e r  x - ray  i r r a d i a -  

t i o n s  a r e  a l s o  shown i n  f i g u r e  13. C l e a r l y  t h e  d i v e r g e n c e s  

a r e  more pronounced .  A t  h i g h  t e m p e r a t u r e  d i v e r g e n c e s  do o c c u r  

which i s  g o t  t h e  c a s e  f o r  u n i r r a d i a t e d  m a t e r i a l .  J a c h  c o n s i d e r s  

t h i s  t o  b e  e v i d e n c e  f o r  p r e f e r e n t i a l  r e a c t i o n  a t  d e f e c t s ,  t h e  

number o f  such  d e f e c t s  b e i n g  enhanced  upon i r r a d i a t i o n .  One 

m i g h t ,  f o r  example ,  c o n s i d e r  s u b - g r a i n  b o u n d a r i e s .  A t  h i g h  

t e m p e r a t u r e ,  t h e  "normal"  c o n t r a c t i n g  cube a round a c r y s t a l l i t e  

w i l l  move f a s t .  Al though r e a c t i o n  a t  t h e  s u b - g r a i n  b o u n d a r i e s  

must o c c u r  a s  w e l l ,  t h e  l a t t e r  w i l l  be  masked by t h e  "normal"  

r e a c t i o n .  However, t h i s  w i l l  n o t  b e  t h e  c a s e  a f t e r  e x t e n s i v e  

i r r a d i a t i o n  damage. The i n t r o d u c t i o n  o f  d e f e c t s  a t  t h e  sub-  

g r a i n  b o u n d a r i e s  c a n  enhance  r e a c t i o n  t h e r e  t o  such  an e x t e n t  

t h a t  t h i s  mode w i l l  no l o n g e r  b e  masked. The same c o n c l u s i o n s  



can  b e  drawn a b o u t  t h e  ground  m a t e r i a l  and r e a c t o r  i r r a d i a t e d  

m a t e r i a l  which e x h i b i t s  e f f e c t s  s i m i l a r  t o  t h o s e  a l r e a d y  d e - ,  

acrfbsd. O n e  mug% &dd one important o b s e r v a t i o n  h e r e .  The  

word ing  p r e f e r e n t i a l  r e a c t i o n  migh t  i n  t h e  c a s e  of  bsomates  

have  t o  be  r e p l a c e d  by p r e f e r e n t i a l  m e l t i n g ,  s i n c e  a  r e l a t i o n -  

s h i p  be tween  m e l t i n g  and  d e c o m p o s i t i o n  o b v i o u s l y  e x i s t s  h e r e .  

I t  i s  p o s s i b l e  t o  e x p l a i n  t h e  i r r a d i a t i o n  and g r i n d i n g  e f f e c t s  

by p o s t u l a t i n g  p r e f e r e n t i a l  m e l t i n g  r a t h e r  t h a n  p r e f e r e n t i a l  

d e c o m p o s i t i o n .  However, t h e  i m p o r t a n c e  o f  t h e  k i n e t i c  a n a l y s i s  

s t i l l  r e m a i n s  s i n c e  i n  i t s  most g e n e r a l  t e r m s  t h e  r e a c t i o n  i s  

s t i l l  o c c u r i n g  p r e f e r e n t i a l . l y  a t  d e f e c t s .  O r ,  Jooking  a t  it  

from a n o t h e r  v i e w p o i n t ,  one s h o u l d  p e r h a p s  b e  c o n s t a n t l y  aware 

o f  t h e  p o s s i b i l i t y  of p r e f e r e n t i a l  m e l t i n g  i n  d i s c u s s i n g  

p o s s i b l e  r e a c t i v i t y  p rob lems .  J a c h  p o i n t s  o u t  t h a t  t h e s e  p o s t u -  

l a t e s  a r e  s p e c u l a t i v e  but a t  t h e  same t i m e  d e m o n s t r a t e s  t h e  

need  f o r  f u r t h e r  work a l o n g  t h e s e  l i n e s .  F a r  t o o  l i t t l e  i s  

known a b o u t  p r e f e r e n t i a l  c h e m i c a l  r e a c t i o n  a t  d e f e c t s .  

( e )  O the r  Compounds 

( i )  Mercury F u l m i n a t e  

A s  p a r t  o f  an  e x t e n s i v e  s t u a y  on t h e  mercury f u l m i n a t e  

d e c o m p o s i t i o n ,  B a r t l e t t  , Tompkins and  Young (30) i r r a d i a t e d  

t h i s  compound w i t h  mercury  r e s o n a n c e  r a d i a t i o n  ( 2 5  378).  When 

mercury  f u l m i n a t e  i s  h e a t e d  t o  abou t  1 0 0 ~ ~  it e v o l v e s  m a i n l y  

C02 and N Leav ing  a s o l i d  r e s i d u e  o f  u n c e r t a i n  c o m p o s i t i o n .  2 

There  a p p a r e n t l y  e x i s t s  a v e r y  s t r o n g  a g i n g  e f f e c t  i n  t h i s  

m a t e r i a l .  The k i n e t i c s  of t h e r m a l  d e c o m p o s i t i o n  o f  f r e s h l y  

p r e p a r e d  c r y s t a l s  d i f f e r s  markedly  f rom aged  c r y s t a l .  BasicaHEy 



f r e s h l y  p r e p a r e d  m a t e r i a l  e x h i b i t s  an a c c e l e r a t o r y  p e r i o d  which 

k . t  ) f i t s  an  e x p o n e n t i a l  Paw ( a  a e w h i l e  aged  m a t e r i a l  f i t s  a  

oubfc 1 ~ v  ( u  a t3), a f t e r  t h e  uaual  t, corrections sre made 

f o r  i n i t i a l  r e a c t i o n s .  They p r e s e n t  e v i d e n c e  f o r  p r e f e r e n t i a l  

r e a c t i o n  a t  s u b - g r a i n  b o u n d a r i e s .  I n  f r e s h  m a t e r i a l  t h e s e  

b o u n d a r i e s  a r e  i n t a c t  and an advanc ing  r e a c t i o n  f r o n t  can  b ranch  

where t h e s e  b o u n d a r i e s  i n t e r s e c t .  T h i s  would l e a d  t o  expon-en t i a l  

k i n e t i c s .  I n  aged  r n a t , e r i a l ,  t h e  c r y s t a l s  become s e p a r a t e d  

i n t o  l a r g e l y  i n d e p e n d e n t  b l o c k s .  B e f o r e  t h e  a c c e l e r a t o r y  r e -  

g ion  a  g a s  i s  e v o l v e d  by a  r e a c t i o n  o f  low a c t i v a t i o n .  ene rgy .  

Th i s  t h e y  f e e l  i s  a g a s e o u s  , p r o d u c t  f rom a  s low p ro longed  room 

t e m p e r a t u r e  d e c o m p o s i t i o n  which a l s o  changes  t h e  c r y s t a l s  f rom 

a  w h i t e  t o  a brown c o l o r .  The c u b i c  r e a c t i o n  t h e n  d e s c r i b e s  

p r o c e s s e s  which o c c u r  w i t h i n  t h e  i n d i v i d u a l  b l o c k s .  The e f f e c t  

of i r r a d i a t i o n  on f r e s h  m a t e r i a l  i s  t o  change t h e  k i n e t i c s  

from t h e  e x p o n e n t i a l  t o  t h e  c u b i c  t y p e .  A s i m i l a r  e f f e c t  i s  

o b t a i n e d  ~ f t e r  c r u s h i n g  f r e s h  m a t e r f  sl. They b e l i e v e  t h a t  

t h e  e f f e c t  o f  i r r a d i a t i o n  ( a n d  c r u s h i n g )  i s  t h e r e f o r e  t o  b r e a k  

up t h e  c r y s t a l s  by r u p t u r e  a t  s u b - g r a i n  b o u n d a r i e s .  Pho tog raphs  

of i r r a d i a t e d  m a t e r i a l  do i n d e e d  show c r a c k  fo rma t ion .  The 

e f f e c t  o f  i r r a d i a t i o n  on aged m a t e r i a l  i s  t o  r e a u c e  amax from 

6 5  t o  50% and  t o  enhance  t h e  maximum r a t e ,  T h i s  i s  n o t  ex- 

p l a f  n e d ,  

( i i )  Lead S t y p h n a t e  

F l anagan  (31) s t u d i e d  t h e  e f f e c t s  o f  x - ray  and n e u t r o n  

i r r a d i a t i o n  on the t h e r m a l  d e c o m p o s i t i o n  o f  l e a d  s t y p h n a t e  

monohydrate i n  the r a n g e  1 9 7 - 2 2 8 * ~ .  An i n i t i a l  g a s  e v o l u t i o n  



and s m a l l  l i n e a r  p e r i o d  a r e  f o l l o w e d  by t h e  t y p i c a l  a c c e l e r a -  

6 0  t o r y  r e g i o n .  A s e r i e s  of  Co gamma i r r a d i a t i o n s  a t  room 

8 
temperature up to 1.8 x 18 r d i d  n o t  e i g n i f i s a n t l y  a l t e r  t h e  

subsequen t  t h e r m a l  d e c o m p o s i t i o n .  R e a c t o r  i r r a d i a t i o n ,  how- 

e v e r ,  g r e a t l y  a f f e c t s  t h e  s u b s e q u e n t  t h e r m a l  d e c o m p o s i t i o n .  

T h i s  i s  shown i n  f i g .  1 4 .  The maximum r a t e  f o r  t h e  l o n g e s t  

i r r a d i a t i o n  ( c u r v e  A )  i s  n e a r l y  t h r e e  t i m e s  t h a t  of t h e  un- ' 

i r r a d i a t e d  sample .  Note t h a t  t h e  r e s u l t s  f o r  i r r a d i a t e d  ma te r -  

i a l  a r e  u n a f f e c t e d  by s t o r a g e  of samples  between i r r a d i a t i o n  

and decompos i t i on .  The damage a p p e a r s  t o  b e  o f  a  perm.anent 

t y p e .  F lanagan  s u g g e s t s  t h a t  t h e  i r r a d i a t e d  m a t e r i a l  i s  de- 

composing a t  a  l a r g e  number of  e v e n l y  d i s t r i b u t e d  s i t e s  formed 

from f a s t  p a r t i c l e  damage i n  t h e  c r y s t a l  w h i l e  t h e  " u n i r r a d i a t e d "  

decompos i t i on  p r o c e e d s  f rom a s m a l l e r  number o f  more l o c a l i z e d  

r e g i o n s ,  e .g .  c r a c k s ,  g r a i n  b o u n d a r i e s ,  e t c .  It i s  d i f f i c u l t  

t o  s e e  why'a  i s  i n c r e a s e d  upon i r r a d i a t i o n ,  One p o s s i b l e  m ax  

e x p l a n a t i o n  i s  t h a t  i r r a d i a t i o n  h a s  no e f f e c t  o t h e r  t h a n  a l low-  

i n g  t h e  c r y s t a l  t o  f r a c t u r e  i n t o  more c r y s t a l l i t e s  upon decom- 

p o s i t i o n  a s  compared t o  t h e  u n i r r a d i a t e d  s t a t e .  Then i f  i t  i s  

assumed t h a t  n u c l e a t i o n  c e n t e r s  e x i s t  i n  numbers mere ly  p ro -  

p o r t i o n a l  t o  exposed  c r y s t a l  s u r f a c e  a r e a  t h e n  on a v e r a g e  t h e  

s m a l l e r  c r y s t a l l i t e s  have  f ewer  n u c l e a t i o n  c e n t e r s  t h a n  t h e  

o r i g i n a l  l a r g e r  ( u n i r r a d i a t e d )  o n e s ,  T h i s  w i l l  l e a d  t o  a 

l a r g e r  a 
max ( s e e  nf c k e l  o x a l a t e  s e c t i o n )  b u t  a t  t h e  same t i m e  

t h e  r a t e  i s  i n c r e a s e d  due t o  t h e  l a r g e r  number of  c r y s t a l l i t e s  

( and  t h e r e f o r e  n u c l e i ) .  C l e a r l y ,  f u r t h e r  work i s  n e e d e d ,  

e s p e c i a l l y  d i r e c t  m i c r o s c o p i c  o b s e r v a t i o n s .  

46. 



FIGURE 14 

The thermal decomposition curves of reactor-irradiated 

lead styphnate monohydrate ( 2 2 2 . 5 ° ~ ) .  
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4.  RELATED TOPICS - 

( a )  Thermal  d e c o m p o s i t i o n  a t  d i s l o c a t i o n s  -. 

Although  t h i s  t o p i c  might  b e t t e r  b e  s u i t e d  t o  a r ev i ew  

r e l a t e d  t o  u n i r r a d i a t e d  m a t e r i a l ,  c e r t a i n  i n s t a n c e s  have a r i s e n  

i n  which a - c o r r e l a t i o n  t o  i r r a d i a t i o n  e f f e c t s  a p p e a r s .  J a c h  (32 ,491  

h a s  r e p o r t e d  t h a t  d u r i n g  some r e c e n t  t h e r m a l  decompos i t i on  s t u d i e s ,  

l i n e a r  k i n e t i c s  ( a  = k t )  were o b s e r v e d  i n  t h r e e  n o r m a l l y  d i f f e r e n t  

( k i n e t i c a l l y )  m a t e r i a l s  unde r  c e r t a i n  s p e c i a l  c o n d i t i o n s .  These  

c o n d i t i o n s ' i n c l u d e d  a )  a  v e r y  low r e l a t i v e  t e m p e r a t u r e  where 

r e a c t i o n  may t a k e  a week o r  G o  f o r  1 0 %  d e c o m p o s i t i o n ,  and b) 

cold-work ing  o r  p r e - i y r a d i a t i o n .  The t h r e e  compounds r e f e r r e d  

t o  a r e  NaBrO aPbNG and  d e h y d r a t e d  n i c k e l  o x a l a t e .  As ment ioned  
3  ' 

p r e v i o u s l y ,  t h e  N a B r O  d e c o m p o s i t i o n  p r o c e e d s  by a  r a p i d  surface 
3  

n u c l e a t i o n  f o l l o w e d  by a  c o n t r a c t i n g  e n v e l o p e ,  T h i s  c a u s e s  t h e  

maximum r a t e  t o  o c c u r  a t  t = 0, aPbN6 e x h i b i t s  t h e  c l a s s i c a l  
I 

s i g m o i d  c u r v e  w h i l e  t h e  n i c k e l  o x a l a t e  decompos i t i on ,  a l t h o u g h  

s i g m o i d a l ,  d i f f e r s  v e r y  much i n  d e t a i l  t o  aPbN6. 

I t  i s  d i f f i c u l t  t o  imagine  how a d e c o m p o s i t i o n ,  growing 

as i t  does  3 - d i m e n s i o n a l l y  i n t o  t h e  c r y s t a l ,  c an  r e s u l t  i n  

l i n e a r  k i n e t i c s .  ( L i n e a r  k i n e t i c s  due  t o  one-d imens iona l  growth 

have  been  o b s e r v e d  i n  c e r t a i n  d e h y d r a t i o n  r e a c t i o n s ,  b u t  t h e s e  

have  no r e l a t i o n  t o  t h e  p r e s e n t  d i s c u s s i o n ) .  J a c h  p roposed  t h a t  

a t  v e r y  low r e l a t i v e  t e m p e r a t u r e ,  r e a c t i o n  o c c u r s  p r e f e r e n t i a l l y  

a t  d i s l o c a t i o n s  i n  a manner s i m i l a r  t o  F ranks  c r y s t a l  g rowth  

t h e o r y  a t  t h e  s t e p  of a s c r ew  d i s l o c a t i o n  b u t  i n  t h e  r e v e r s e  



s e n s e .  Thus ,  i f  i t  i s  assumeu t n s t  a t  t h e  s t e p  decompos i t i on  

p r o c e e d s  w i t h  l ower  a c t i v a t i o n  e n e r g y  t h e n  a t  v e r y  low temper-  

uture auch & mechanl8m f o  f a v o r e d ,  The decomgoedtion m i g h t  

o c c u r  a t  , t h e  s u r f a c e  s t e p  which a p p e a r s  when a  sc rew d i s l o c a t i o n  

meets  a  s u r f a c e .  The c r y s t a l  may b e  d e s c r i b e d  a s  one a tomic  

p l a n e  i n  t h e  form o f  a  s p i r a l  ramp. Decomposi t ion a t  t h e  s t e p  

r e s u l t s  i n  s u c c e s s i v e  l a y e r s  b e i n g  " p e e l e d "  o f f  w i t h o u t  d e s t r o y -  

i n g  t h e  s t e p .  T h i s  would y i e l d  l i n e a r  r a t e s .  P r e - i r r a d i a t i o n  

and g r i n d i n g  enhances  t h i s  e f f e c t  by i n c r e a s i n g  t h e  l i m i t s  of  

o v e r  which l i n e a r i t y  o c c u r s  o r  by . i n c r e a s i n g  t h e  t e m p e r a t u r e  

a t  which it o c c u r s .  Both t h e s e  p r o c e s s e s  a r e  known t o  i n c r e a s e  

t h e  d i s l o c a t i o n  d e n s i t y .  The p o s s i b l e  e x i s t e n c e  of  t h e  phenomenon 

o u t l i n e d  by  J a c h  h a s  been  s t r e n g t h e n e d  by r e c e n t  e l e c t r o n  mic ro -  

s cope   observation^'^^) on d e c o m p o s i t i o n  o f  cadmi& i o d i d e .  

( b )  R a d i o l y s i s  o f  S o l i d s  

A s  a  r e s u l t  o f  t h e  enormous s t r i d e s  made d u r i n g  t h e  p a s t  

1 5  y e a r s  i n  t h e  f i e l d  o f  S o l i d  S t a t e  P h y s i c s  much i n t e r e s t  ha s  

been  g e n e r a t e d  i n  t h e  f u n d a m e n t a l  p r o c e s s e s  r e s p o n s i b l e  f o r  

chemica l  changes  i n  s o l i d  s u b s t a n c e s .  It i s  u n f o r t u n a t e  t h a t  

o n l y  i n  a  f e w  i n s t a n c e s  h a s  t h e  a t t a c k  on such  problems been  

c o n c e r t e d .  Chemis t s  have  u n t i l  now p a i d  r e l a t i v e l y  l i t t l e  

a t t e n t i o n  t o  s o l i d  s t a t e  phenomena and  have approached  t h e  prob-  

lem on ly  when s p e c i f i c  p r a c t i c a l  a n s w e r s  were needed.  H i s t o r -  

i c a l l y ,  c h e m i s t s  have  s h i e d  away f rom r e a c t i o n s  t h a t  were 

e i t h e r  h e t e r o g e n e o u s  o r  i r r e v e r s i b l e ,  S t u d i e s  o f  r e a c t i o n s  t h a t  

e x h i b i t  b o t h  d i s a d v a n t a g e s  have n a t u r a l l y  s u f f e r e d  s e v e r e l y .  

The a v a i l a b i l i t y  o f  s t r o n g  sources. of i r r a d i a t i o n  have  n o t  g r e a t l y  



improved t h i s  s i t u a t i o n  b u t  now i r r a d i a t i o n  e f f e c t s  a r e  b e g i n n i n g  

t o  s p a r k  some e n t h u s i a s m .  Two end g o a l s  a r e  e v i d e n t .  F i r s t l y ,  

i r r a d i a t i o n  i u  being u e e u  se E tool in t h e  fundamenta i  s t u d i e s  

of c h e m i c a l  e f f e c t s  i n  s o l i d s .  S e c o n d l y ,  i r r a d i a t i o n  e f f e c t s  

t h e m s e l v e s  a r e  o f  i n t e r e s t  from a  t h e o r e t i c a l  and p r a c t i c a l  

p o i n t  of view.  I n  t h i s  c o n n e c t i o n  m i g h t  be  ment ioned  t h e  q u e s t  

f o r  r a d i a t i o n  r e s i s t a n t  m a t e r i a l s ,  t h e  u s e  of s o l i d  d o s i m e l e f s ,  

t h e  p r o d u c t i o n  o f  r a d i o i s o t o p e s ,  e t c .  S d e r a l  r e c e n t  r ev i ews  

have a p p e a r e d  ( i o n i z i n g  r a d i a t i o n  e f f e c t s  - F o r t y  (35', Boldyrev  

and Bys t rykh  (36 '  , Davids  and ~ e i s s ' ~ ~ ) ,  Heal  ( 38.1 and heavy p a r -  

t i c l e  r a d i o l y s i s  -  orn nine^'^^.). Slow p r o g r e s s  h a s  been made 

o v e r  t h e  y e a r s  i n  u n d e r s t a n d i n g  some o f  t h e  fundamen ta l s  i n  t h e .  

mechanism of  r a d i a t i o n  i n d u c e d  changes .  The p r imary  p r o c e s s e s  

o f  i r r a d i a t i o n  a r e  i o n i z a t i o n ,  e x c i t a t i o n  w i t h o u t  i o n i z a t i o n  

and d i s p l a c e m e n t .  N u c l e a r  r e a c t i o n s  s u c h  a s  c a p t u r e ,  s p a l l a t i o n ,  

e t c .  may a l s o  o c c u r ,  The c h e m i c a l  consequences  o f  t h e s e  p r o c e s s e s  

i n  t u r n  depend on t h e  s u b s t a n c e  b e i n g  bombarded. The mechanism 

of d i s p l a c e m e n t  by i o n i z i n g  r a d i a t i o n i s  s t i l l  i n  q u e s t i o n .  Va r l ey  ( 4 0 )  

has  s u g g e s t e d  t h a t  m u l t i p l e  i o n i z a t i o n  o f  t h e  ha logen  i o n s  

o c c u r s  w i t h  r e c o m b i n a t i o n  t i m e s  s u f f i c i e n t l y  l o n g  t o  a l l o w  e j e c -  

t i o n  o f  t h e  now p o s i t i v e l y  c h a r g e d  e n t i t y  by e l e c t r o s t a t i c  r e -  

p u l s i o n  .of t h e  p o s i t i v e l y  c h a r g e d  n e i g h b o r s .  One o b j e c t i o n  t o  

t h i s  mechanism i s  t h a t  t h e  r e c o m b i n a t i o n  Lime 1s p robab ly  s h o r t e r  

t h a n  t h e  n a t u r a l  p e r i o d  o f  t h e  i o n  i n  t h e  c r y s t a l  l a t t i c e  r e n d e r -  

i n g  d i s p l a c e m e n t  b e f o r e  r e c o m b i n a t i o n  u n l i k e l y .  K l i c k  (41) p ro-  

posed  a  m o d i f i c a t f o n  i n  which d o u b l e  i o n i z a t i o n  o f  t h e  h a l i d e  

i o n  o c c u r s  f o l l o w e d  by t r a n s f e r  o f . a n  e l e c t r o n  f rom a n e i g h b o r i n g  



h a l i d e .  Two n e i g h b o r i n g  p o s i t i v c  h o l e s  a r e  formed which 

r e a c t  t o  g i v e  a  h a l o g e n  m o l e c u l e .  T h i s  m o l e c u l e ' o c c u p i e s  one 

v a c a n t  haJo&sn  ion s i t e .  The o t h e r  s i t e  can move away and 

l a t e r  be  c o n v e r t e d  t o  a n  F - c e n t e r  w h i l e  t h e  mo lecu l e  can  a f t e r  

e l e c t r o n  c a p t u r e  b e  c o n v e r t e d  t o  an H c e n t e r .  Both c e n t e r s  have ' 

been o b s e r v e d  s i m u l t a n e o u s l y .  Smoluchowski and Wiegand ( 4 2 )  

4- 
s u g g e s t  t h a t  a f t e r  m u l t i p l e  i o n i z a t i o n  t h e  C 1  i s  d r i v e n  Lo a  

n e i g h b o r i n g  ~ 1 -  f o r m i n g  C 1 2 ,  t h e  d e - e x c i t g t i o n  of  t h e  l a t t e r  ' 

p r o v i d i n g  s u f f i c i e n t  r e p u l s i v e  e n e r g y  t o  f o r c e  one o f  t h e  atoms 

away c r e a t i n g  a  v a c a n c y  and an i n t e r s t i t i a l  C l  atom. The l a t t e r  

might  b e  formed many l a t t i c e  d i s t a n c e s  away from t h e  vacancy  

by t r a n s m i s s i o n  t h r o u g h  f o c u s i n g  c o l l i s i o n s .  What f o l l o w s  t h e s e  

e v e n t s  i s  a  complex s e q u e n c e  of  phenomena depending  on c r y s t a l  

s t r u c t u r e ,  methods  o f  p r e p a r a t i o n  o f  t h e  m a t e r i a l s  ( i n c l u d i n g  

i m p u r i t y  e f f e c t s ) ,  i o n i z a t i o n  p o t e n t i a l s  and bond s t r e n g t h s ,  

e t c .  A s  a n  example o f  c r y s t a l  s t r u c t u r e  e f f e c t s ,  one may c i t e  

t h e  "cage e f f e c t . "  The p r i m a r y  p r o d u c t s  of x - r ay  and e l e c t r o n  

i r r a d i a t i o n  o f  n i t r a t e s  i s  n i t r i t e  and  oxygen. The y i e l d  de- 

pends on t h e  e x t e n t  o f  r e c o m b i n a t i o n  o f  t h e s e  two s p e c i e s  which 

i n  t u r n  depends  on t h e  f r e e  volume a v a i l a b l e  w i t h i n  t h e  l a t t i c e .  

The f r e e  volume i s  t h e  d i f f e r e n c e  be tween  t h e  volume of a  u n i t  

c e l l  and t h e  volume of t h e  i o n s  i n  i t .  A h i g h e r  f r e e  volume 

f a v o r s  a  r emova l  o f  t h e  oxygen f rom t h e  i n f l u e n c e  of  t h e  n i t r i t e  

i o n  and t h u s  t e n d s  t o  l i m i t  r e c o m i n a t i o n .  The f r e e  s p a c e  i s  

u s u a l l y  t h e . p r e d o m i n a n t  i n f l u e n c e  b u t ,  a s  Bo ldy rev  and Bys t rykh  (36) 

p o i n t  o u t ,  t h e  i o n i z a t i o n  p o t e n t i a 1 s . o f  t h e  i o n s  i n v o l v e d  may 

p l a y  a d e t e r m i n i n g  r o l e .  Thus ,  t h e  f r , e e  volumes i n  s i l v e r  and 



sodium nitrates are about the same but the ionization potential 

of the cations differ strongly (7.54 and 5.1 respectively). I 

The radiation slabflity of eil~er nitrate is t h e r e f o r e  far l e s s  

than that of sodium nitrate since the silver ion will exert a 

stronger polarizing action on the nitrate ion than will the 

sodium ion. Bond strengths in complex ionic salts must also be 

considered. For example, the energy of the C1-0 and N-0 bonds 

in the chlorate and nitrate ion is respectively 2.38 and 3.65 eV. 
1 

The corresponding radiation yields are 4 and 0.8 mole O2 per I 
I 

I 

100 eV. The presence of water of crystallization in a nitrate, , 

for example, enhances the radiolytic probability as a result of 

the competitive radiolysis of the water as well as the removal 

I 
I 

by the water of the oxygen thus reducing the recombination pro- ! - 
cesses. Last, but not least, is the major electronic and structural 

role played by all types of defects. These may act as trapping 1 
, 
I : 

centers for excitons and electrons thus enabling reaction to 

occur whercf otherwise de-excitation or electron-hole recombina- I 
i 

tions would occur instead. They may structurally also be centers I 

I 
for preferential decomposition resulting from "cage" type effects. I j 

I 

Thus, radiolysis might be favored around the site of an edge , 

dislocation where room is available for decomposition as compared 

to the smaller, normal lattice site. 

The above discussion is merely an attempt to point out some 

of the current ideas and problems involved in the field of radiolysis 

of solids. No unifying theory exists nor is it reasonable to . 
assume that one is possible, 'While ,the action of irradiation on 

.one chemical compound might be predominantly electronic the action 



on a n o t h e r  may b e  m o s t l y  s t r u c t u r a l .  

An i m p o r t a n t  body o f  work which may have s i g n i f i c a n t  bear-  

i n g  On thermal d e c a m ~ o s i t f o n  Uubsegluent to i r r a d i a t i o n  has been 

under  way f o r  t h e  p a s t  few Y e a r s  b y  F o r t y  and co-workers who 

have b e e n  e x a m i n i n g  t h e  d e c o m p o s i t i o n  o f  v a r i o u s  compounds by 

e l e c t r o n  bombardment .  Lead i o d i d e  h a s  been  e x t e n s i v e l y  i n v e s t i -  

g a t e d  by them a n d  t h e  work h a s  p r o v e d  most  i n t e r e s t i n g .  For ty  

e t  a 1  f o l l o w e d  t h e  d e c o m p o s i t i o n  o f  t h i n  p l a t e l e t s  ( abou t  

1 / 1 0  mm d i a m e t e r  a n d  a  few a n g s t r o m s  t h i c k )  i n  an  e l e c t r o n  beam 

of an  e l e c t r o n  m i c r o s c o p e ,  The u l t i m a t e  p r o d u c t  i s  m e t a l l i c  

l e a d  and i o d i n e .  U s u a l l y  t h r e e  s t a g e s  a r e  i n v o l v e d  i n  t h i s  de- 

c o m p o s i t i o n .  The f i r s t  i s  t h e  r e a r r a n g e m e n t  o f  t h e  e x i s t i n g  

d i s l o c a t i o n  c o n f i g u r a t i o n  t o  fo rm i s o l a t e d  Poops o f  d i s l o c a t i o n s .  

I n  t h e  i n t e r m e d i a t e  s t a g e  b r i g h t  p a t c h e s  a p p e a r  which probably  

r e p r e s e n t  c a v i t i e s  i n  t h e  c r y s t a l .  T h i s  i s  f o l l o w e d  by a s t a g e  

i n  which s m a l l  l ead  c r y s t a l l i t e s  a r e  n u c l e a t e d  by p r e c i p i t a t i o n  

i n  t h e  c a v i t i e s  a n d  grow by  l o c a l  d e c o m p o s i t i o n  of t h e  surround- 

i n g  l e a d  i o d i d e .  It i s  d e d u c e d  t h a t  p o i n t  d e f e c t s  a r e  c r e a t e d  

n e a r  t h e  c e n t e r  of t h e  i r r a d i a t e d  a r e a  which s u b s e q u e n t l y  con- ' I 

L I 
dense  i n  t h e  c o o l e r  p a r t s  of t h e  c r y s t a l ,  e i t h e r  on e x i s t i n g  ' 1 

I 

d i s l o c a t i o n s  t o  c a u s e  c l i m b  o r  i n  d i s k - l i k e  a g g r e g a t e s  t o  form 

d i s l o c a t i o n  l o o p s .  The f o r m a t i o n  o f  c a v i t i e s  i s  a c t u a l l y  seen 
- 1 

o n l y  w i t h  h i g h  e l e c t r o n  i n t e n s i t i e s  (1017 e l e c t r o n  s e c  

a t  80 keV) b u t  t h e y  may a l s o  b e  formed a t  l o w e r  i n t e n s i t i e s  b u t  

i 

n o t  b e  e a s i l y  r e c o g n i z a b l e .  F i n e l y  d i s p e r s e d  p a r t i c l e s  of 

1 4  
l e a d  do a p p e a r  at t h e  lower i n t e n s i t i e s  ( 1 0  e l e c t r o n s  set-'1. 
The c a v i t i e s  r e p r e s e n t  an i m p o r t a n t  s t e p  i n  t h e  decomposi t ion .  



They a r e  mob i l e  and d r f f t  outward from t h e  c e n t e r  of  i r r a d i a t i o n  

a t  r a t e s  a s  g r e a t  a s  1 U r n  s e c - l  f o r  a  c a v i t y  1 pm d i a m e t e r ,  50 8 

t h i c k .  T h i n  p l a t e l e t s  of f e e d  form in t h e  cavities w i t h  t h e  

(111)  p l a n e  o f  t h e  p a r e n t  c r y s t a l .  The c a v i t i e s  o f t e n  b reak  

away from t h e  p r e c i p i t a t e s  d u r i n g  i r r a d i a t i o n  and s p r e a d  f u r t h e r  

i n t o  t h e  u n d i s t u r b e d  c r y s t a l  t o  p r o v i d e  s i t e s  f o r  f u r t h e r  decom- 

p o s i t i o n .  I n  t h e  f i n a l .  s t a g e  of  t h e  decomposi t ion i s o l a t e d  pre-  

c i p i t a t e s  t h i c k e n  i n t o  s t a b l e  c r y s t a l l i t e s  by l o c a l  decomposiL 

t i o n  o f  s u r r o u n d i n g  l e a d  i o d i d e .  They c a l c u l a t e  t h a t ,  on t h e  

a v e r a g e ,  t h e r e  i s  a t  l e a s t  one i o n  vacancy formed f o r  each  e l e c -  

t r o n  p a s s i n g  t h r o u g h  t h e  c r y s t a l .  Th i s  g r e a t l y  exceeds t h e  r a t e  

expec ted  from a  p u r e  h e a t i n g  e f f e c t  of  t h e  beam, even i f  tempera- 

t u r e s  c l o s e  t o  m e l t i n g  a r e  a c h i e v e d .  They conclude t h a t  probably  

i o n i z a t i o n  d i s p l a c e m e n t  p l a y s  a  predominant r o l e  i n  damaging 

t h e  c r y s t a l s  and t h e r e b y  c a u s e s  decomposi t ion.  The d isp lacement  

mechanism e n v i s a g e d  by  F o r t y  i s  a s imple  one and i s  p e c u l i a r  t o  

t h e  sp.ecia1, s t r u c t u r e  o f  l e a d  i o d i d e  which c o n s i s t s  e s s e n t i a l l y  

of hexagonal  c lose -packed  I- i o n s  w i t h  pb2+ i o n s  p l a c e d  i n  t h e  

o c t a h e d r a l  h o l e s .  A t .  h i g h e r  t e m p e r a t u r e s  t h e  pb2+ i o n s  ckn q u i t e  

r e a d i l y  b e  s h i f t e d  t o  t h e  o t h e r  a v a i l a b l e  i n t e r s t i t i a l  s i t e s .  

An I- i o n  can  r e a d i l y '  b e  s t r i p p e d  of  an e l e c t r o n  by an i o n i z i n g  

~ a r t ' i c l e  o r .  photon .  The r e s u l t i n g  I atom w i l l  be very  weakly 

bound and can  be  d i s p l a c e d  b y  a s m a l l  amount of  r e c o i l  o r  t h e r -  

mal ene rgy .  The I- vacancy which c a r r i e s  a n e t  p o s i t i v e  charge  

can e x e r t  s u f f i c i e n t  r e p u l s i v e  f o r c e  on a  ne ighbor ing  pb2+ t o  

d i s p l a c e  it s i m u l t a n e o u s l y  t o  a n o t h e r  i n t e r s t i t i a l  s i t e .  The 

vacancy t h u s  c r e a t e d  will be f i r m l y  bonded t o  t h e  9- vacancy.  



"Aggrega.t ion o f  t h e s e  vacancy  pairs and i n d i v i d u a l  I- v a c a n c i e s  

can  a c c o u n t  f o r  b o t h  t h e  c l imb  ,o f  d i s l o c a t i o n s  and t h e  f o r m a t i o n  

ok c a v i t i e ~ .  The p r e c i g i t a L f o n  of lead i n  t h e  c a v i t i e s  d u r i n e  

t h e  l a t e r  s t a g e  o f  d e c o m p o s i t i o n  o c c u r s  by t h e  t r a p p i n g  and i n -  

t e r a c t i o n  o f  t h e  i n t e r s t i t i a l  pb2+ i o n s  and f r e e  e l e c t r o n s . "  

A s i m i l a r  i n v e s t i g a t i o n  o f  K C 1  was r e p o r t e d  by  Tubbs and 

F o r t y  ('", The b e h a v i o u r  i s  s i m i l a r  t o  Pb12 e x c e p t  t h a t  t h e  

c a v i t i e s  do n o t  a p p e a r  t o  be  mob i l e .  I n  t h e  f i n a l  s t a g e  d a r k "  

s p e c k l e s  a p p e a r  wh ich  a r e  t h o u g h t  t o  r e p r e s e n t  a  d i s p e r s i o n  of 

s m a l l  c o l l o i d a l  p a r t i c l e s  o f  p o t a s s i u m .  F o r t y  c o n c l u d e s  t h a t  

i n  g e n e r a l  t h e n  t h i s  t y p e  o f  decompos i t i on  p r o c e e d s  by t h e  f o r -  

m a t i o n  o f  c a v i t i e s  f o l l o w e d  by t h e  p r e c i p i t a t i o n  of  t h e  new 

m e t a l l i c  p h a s e ,  u s u a l l y  w i t h i n  t h e  c a v i t i e s .  "The f o r m a t i o n  

of  c a v i t i e s  i s  p o s s i b l e  o n l y  i f  a  h i g h  deg ree  of s u p e r s a t u r a -  

t i o n  o f  v a c a n c i e s  e x i s t ;  and  t h i s  may be  t a k e n  t o  mean t h a t  

t h e r e  i s  same form o f  i n t e r a c t i o n  c r e a t i n g  v a c a n c i e s  o t h e r  t h a n  

t h a t  a s s o c i a t e d  w i t h  . t he  h e a t i n g  of  t h e  c r y s t a l s . "  

S t u d i e s  s im i l a r  t o  t h o s e  o f  F o r t y  e t  a 1  have been  conduc ted  

by S a w k i l l  ( 4 5 ' ,  McAuslan ' 4 6 )  and Camp ( 4 7 )  who sough t  a  d i r e c t  

e x a m i n a t i o n  o f  t h e  deve lopment  of m e t a l l i c  n u c l e i  i n  an  e l e c t r o n  

m i c r o s c o p e .  Some of  t h i s  work h a s  been summarized i n  Bowden and 

Y o f f e ' s  book " F a s t  R e a c t i o n s  i n  S o l i d s ' '  ' 4 8 ) .  S a w k i l l  decomposed 

a  s i n g l e  c r y s t a l  o f  S i l v e r  Azide i n  t h e  e l e c t r o n  beam of an 

e l e c t r o n  d i f f r a c t i o n  camera.  S t a r t i n g  w i t h  t h e  no rma l  d i f f r a c -  

t i o n  p a t t e r n  o f  s i l v e r  a z i d e ,  S a w k i l l  observed  v a r i o u s  s t a g e s  i n  

t h e  d e c o m p o s i t i o n  e n d i n g  up w i t h  t h e  p a t t e r n  f o r  s i l v e r ,  t h u s  

f o l l o w i n g  t h e  c o l l a p s e  of  t h e  s i l v e r  a z i d e  l a t t i c e .  It i s  



found  t h a t  two fo rms  of s i l v e r  a r e  formed d u r i n g  decompos i t i on .  

One i s  randomly o r i e n t e d  and t h e  o t h e r  h i g h l y  o r i e n t e d  w i t h  r e s p e c t  

t o  %he a i l v e r  a z i d e  l a t t i c e .  The random form c o n s i s t s  of s i n g l e  

c r y s t a l s  o f  s i l v e r  w h i l e  t h e  h i g h l y  o r i e n t e d  fprm compr i se s  a  

ne twork  of  s i l v e r .  The d i f f r a c t i o n  p a t t e r n s  show t h a t  t h e  

l a t t i c e  o f  s i l v e r  a z i d e  d o e s  n o t  c o l l a p s e  d i r e c t l y  t o  s i l v e r .  

It i s  s u g g e s t e d  t h a t  t h e  s i l v e r  a toms  d i f f u s e  and add t h e m s e l v e s  

Lo t h e  l a t t i c e  i n  s p e c i a l  p o s i t i o n s  and some r e s h u f f l i n g  of ' 

s i l v e r  a toms . a l r e a d y  on t h e  l a t t i c e  t a k e s  p l a c e  b u t  w i t h o u t  

c h a n g i n g  t h e  l a t t i c e  d i m e n s i o n s .  T h i s  s i l v e r  l a t t i c e  c o l l a p s e s  

t o  a  f a c e  c e n t e r e d  c u b i c  l a t t i c e  o f  d imens ion  g r e a t e r  t h a n  normal  

s i l v e r .  T h i s  t h e n  c o l l a p s e s  f u r t h e r  t o  t h e  normal  s i l v e r  l a t t i c e .  

The randomly o r i e n t e d  s i l v e r  c r y s t a l s  a r e  p r o b a b l y  formed i n  

t h e  s u r f a c e  a t  d e f e c t s ,  and  t h e r e  grow down i n t o  t h e  c r y s t a l .  

Bowden and  Y o f f e e  t h e n  summarize some o t h e r  i n t e r e s t i n g  means o f  

o b s e r v i n g  t h i s  d e c o m p o s i t i o n .  

. ( c )  I r r a d i a t i o n  o f  E x p l o s i v e  M a t e r i a l s  

A l a r g e  number o f  e x p l o s i v e s  have  t o  d a t e  been i r r a d i a t e d  

w i t h  a p a r t i c l e s ,  e l e c t r o n s ,  x - r a y s ,  f i s s i o n  f r a g m e n t s ,  e t c .  

The o b j e c t  of  t h e s e  e x p e r i m e n t s  was t o  t e s t  a )  whether  e x p l o s i o n s  

c o u l d  b e  i n i t i a t e d  by  t h e s e  i r r a d i a t i o n s  and b) whe the r  t h e  

e x p l o s i o n  r a t e  o r  t i m e  t o  e x p l o d e  a r e  a f f e c t e d .  A s  r e g a r d s  t h e  

f i r s t  p o s s i b i l i t y ,  i t  h a s  now b e e n  f a i r l y  w e l l  s u b s t a n t i a t e d  

t h a t  i n i t i a t i o n  of  a n  e x p l o s i o n  depends  on t h e  c r e a t i o n  o f  a 

h o t - s p o t  s u f f i c i e n t l y  l a r g e  t o  b e g i n  t h e  c h a i n  r e a c t i o n s .  A l l  

t h e  known methods  o f  i n d u c i n g  e x p l o s i o n s  s u c h  a s  impac t  and 

f r i c t i o n  have  b e e n  shown q u i t e  c o n v i n c i n g l y  t o  b e  t h e r m a l  i n  



o r i g i n .  The s i z e  of t h e  h o t - s p o t  depends  on t h e  m a t e r i a l  o f  

c o u r s e  b u t  it i s  t h o u g h t  t o  be  i n  t h e  ne ighborhood  of lo- '  - 
em in d i e m e t a r .  Only vary intense irradiation sources 

can s a t i s f y  s u c h  t h e r m a l  r e q u i r e m e n t s  and  f o r  p r a c t i c a l l y  a l l  

t h e  known e x p l o s i v e s  no i r r a d i a t i o n  i n i t i a t e d  e x p l o s i o n s  have  

been observed ' ,  The n o t i o n  t h a t  t h e  a c t i v a t i o n  o f  a  s m a l l  g roup  

of  a d j a c e n t  m o l e c u l e s  w i l l  c a u s e  e x p l o s i o n  h a s  t h u s  been  d i s -  

c r e d i t e d .  A f u l l  r e v i e w  o f  t h i s  t o p i c  a p p e a r s  i n  a  book by 

Bowden and  Yof fee  ( 4 8 ) .  As r e g a r d s  t h e  s econd  p o i n t ,  i r r s d i a -  

t i o n  h a s  b e e n  shown t o  s h o r t e n  i n d u c t i o n  p e r i o d s  and t i m e  t o  

e x p l o d e  i n  a manner  wh ich  i s  . g e n e r a l l y  c o n s i s t e n t  w i t h  o b s e r v a -  

t i o n s  on "s low"  t h e r m a l  d e c o m p o s i t i o n s  a l r e a d y  d i s c u s s e d  i n  t h i s  

c h a p t e r .  The r e a d e r  i s  a g a i n  r e f e r r e d  t o  Bowden and Y o f f e e ' s  

book f o r  more d e t a i l s ,  



SUMMARY 5 * .-- 

It  i s  c l e a r  t h a t  as a field of 8 c i e n t i f i . c  r e s e a r c h  t h a  

i n f l u e n c e  upon decompos i t i on  o f  i r r a d i a t i o n  i s  p t i l l  i n  i t s  

e a r l y  s t a g e s .  By and  l a r g e  t h e  work t o  d a t e  h a s  been  s m a l l  

i n  volume,  a lmos t  c o m p l e t e l y  u n c o r r e l a t e d  and w i t h  no u n i f y i n g  

t h e o r i e s ,  Only one a s s e r t i o n  can  b e  made w i t h  any d e g r e e  o f  ' 

c e r t a i n l y .  I r r a d i a t i o n  a l m o s t  a lways  enhances  a  d e c o m p o s i t i o n .  

T h i s  enhancement i s  g e n e r a l l y  m a n i f e s t e d  as a  s h a r p  r e d u c t i o n  

of  t h e  i n d u c t i o n  p e r i o d  when s i g m o i d a l  k i n e t i c s  o c c u r  b u t  may 

a l s o  t a k e  t h e  form o f  an enhanced  maximum r a t e .  Ano the r  f e a t u r e  

which seems f a i r l y  g e n e r a l  i s  t h a t  a l t h o u g h  t h e  i n i t i a l  and i n -  

t e r m e d i a t e  s t a g e s  a r e  enhanced ,  t h e  f i n a l  o r  d e c a y  s t a g e  i s  

r a r e l y  a f f e c t e d .  I n  g e n e r a l  t e r m s  t h e s e  o b s e r v a t i o n s  a r e  p e r -  

haps  e x a c t l y  what one might  e x p e c t .  The f a c t  t h a t  t h e  i n i t i a -  

t i o n  o f  a s o l i d  s t a t e  d e c o m p o s i t i o n  o c c u r s  a t  r e g i o n s  o f  imper-  
* 

f e c t i o n s  makes i t  r e a s o n a b l e  t o  s u p p o s e  t h a t  a change  i n  t h e  

number o r  k i n d  of  s u c h  i m p e r f e c t i o n s  r e a d i l y  i n f l u e n c e s  t h e  

r e a c t i o n .  On t h e  o t h e r  hand ,  t h e  f a c t  t h a t  t h e  g rowth  o f  t h e  

r e a c t i o n ,  e s p e c i a l l y  t owards  t h e  e n d  when t h e  more e a s i l y  ex- 

c i t e d  i m p e r f e c t  r e g i o n s  have  a l r e a d y  r e a c t e d  must  t a k e  p l a c e  i n  

! t h e  more o r d e r e d  and  undamaged b u l k  r e g i o n s ,  makes v e r y  r e a s o n -  

a b l e  t h e  s u p p o s i t i o n  t h a t  i n  t h i s  s t a g e  i r r a d i a t i o n  damage 

e f f e c t s  w i l l  e x e r t  t h e i r  s m a l l e s t  i n f l u e n c e .  

However, when one v e n t u r e s  p a s t  t h e s e  f a i r l y  o b v i o u s  

f e a t u r e s  t h e r e  r ema ins  l i t t l e  t h a t  one  may d e s c r i b e  i n  a g e n e r a l .  



way. Here it seems t h a t  each  w o r k e r  h a s  uncove red  an e f f e c t  

h e r e  and an  i n f l u e n c e  t h e r e  b u t  w i t h  l i t t l e  d e p t h  and o f t e n  

with lee8 mubatont ia t ion ,  Irradiat ion can b e  a powerful  tool 

b u t  i t s  p o t e n t i a l  h a s  been  b a r e l y  u s e d .  It d o e s  seem obv idus  

a l s o  t h a t  i r r a d i a t i o n  by i t s e l f  may b e  c a p a b l e  of y i e l d i n g  o n l y  

l i m i t e d  i n f o r m a t i o n .  T h i s  was e a r l y  r e a l i z e d  by Tompkins e t  a 1  

i n  t h e  a z i d e  s t u d i e s  where  o t h e r  i n f o r m a t i o n  such  a s  e l e c t r i c a l  

c o n d u c t i v i t y ,  a b s o r p t i o n  s p e c t r a ,  e t c .  were e f f e c t i v e l y  b roukh t  

t o  b e a r  on t h e s e  p rob lems .  More p h y s i c a l  t o o l s  such  a s  ESR,  

e l e c t r o n  m i c r o s c o p y ,  f i e l d  i o n  m i c r o s c o p y ,  e t c .  s h o u l d  be used  

i n  combina t ion  w i t h  i r r a d i a t i o n  s t u d i e s  i n  s o l i d  s t a t e  chemica l  

p rob lems  a s  i n d e e d  t h e y  have  been  u s e d  i n  s o l i d  s t a t e  p h y s i c s .  

One p a r t i c u l a r  f e a t u r e ,  i n  t h e  o p i n i o n  o f  t h e  a u t h o r ,  

d e s e r v e s  f u r t h e r  s t u d y  and t h a t  i s  t h e  measurement o f  a c t i v a t i o n  

e n e r g i e s  a t  a b n o r m a l l y  Pow t e m p e r a t u r e s ,  I t  i s  i n  t h i s  tempera-  

t u r e  r e g i o n  t h a t  t h e  low a c t i v a t i o n  e n e r g y  p r o c e s s e s  can be  

s o r t e d  o u t .  I By and  l a r g e ,  it i s  t h e s e  p r o c e s s e s  which i n i t i a t e  

t h e  d e c o m p o s i t i o n s .  More c a r e f u l  t e m p e r a t u r e  c o n t r o l  o v e r  l o n g  

p e r i o d s  o f  t ' ime a r e  r e q u i r e d  b u t  it seems c e r t a i n  t h a t  u s e f u l  

i n f o r m a t i o n  w i l l  emerge.  
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