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ABSTRACT 

T h e  d i f fe ren t i a l  ra te  e q u a t i o n s  fo r  s o m e  s imple  f r e q u e n t l y  occu r r ing  A v r a m i - - E r o f e e v  
t y p e  t r a n s f o r m a t i o n s  were  so lved  fo r  i s o t h e r m a l  as well  as n o n - i s o t h e r m a l  r eac t ions .  I t  is 
s h o w n  t h a t  t he  exp res s ions  c o m m o n l y  used  to  e x t r a c t  k ine t i c  p a r a m e t e r s  f r o m  non- iso-  
t h e r m a l  e x p e r i m e n t s  are  o b t a i n e d  via an  i n c o r r e c t  p r o c e d u r e .  Howeve r ,  the  c o r r e c t  
k ine t ic  p a r a m e t e r s  will resu l t  f r o m  a p p l i c a t i o n  o f  these  e q u a t i o n s  to  ce r ta in  t y p e s  o f  
t r a n s f o r m a t i o n .  

I N T R O D U C T I O N  

Non-isothermal reactions in solid systems involving format ion and growth 
of nuclei are of ten analysed using equations which are also applied for the 
description of  isothermal reactions. These equations are usually derived by 
differentiat ion of the  integral expression for ~, a method  valid for isothermal 
reactions only.  The resulting expression for d a / d t  is then  used to analyse 
non-isothermal reactions. Henderson [1] has questioned this procedure. 
Therefore, the fundamenta l  equations for d a / d t  of some simple f requent ly  
occurring types of  t ransformat ion are solved below for non-isothermal reac- 
t ions and the resulting expressions compared to results of  the above-men- 
t ioned procedure. To tha t  end, the equations normally used to describe iso- 
thermal reactions are first given. 

I S O T H E R M A L  R E A C T I O N S  

The equations generally used for describing isothermal reactions in solid 
systems with nuclei format ion and growth are 

[--ln(1 - - ~ ) ] 1 / ,  = k t  = g(~) (1) 

and 

--ln(1 - -  ~ ) = k ' t "  = g*(a) (2) 

These equations are often called Avrami, Erofeev, Johnson/Mehl  equations; a 
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T A B L E  1 

S u m m e r y  o f  possible values for  n for  d i f fe ren t  mechan i sms  (af te r  refs. 1 and  5) 

R e a c t i o n  m e c h a n i s m  n R e a c t i o n  m e c h a n i s m  n 

C o n s t a n t  nuc l ea t ion  rate  G r o w t h  o f  a c o n s t a n t  n u m b e r  o f  nuclei  
( ra te  o f  nuc l ea t ion  is zero)  

2 One-d imens iona l  g r o w t h  1 
3 Two-d imens iona l  g r o w t h  2 
4 Three -d imens iona l  g r o w t h  3 

One d imens iona l  g rowth  
Two-d imens iona l  gro vth 
Three -d imens iona l  grc,wth 

c o m b i n a t i o n  of  these  names  is also used.  The  value of  n d e p e n d s  on  the  
mechan i sm of  t he  reac t ion ,  as fol lows f rom Table  1 w h e r e  a s u m m a r y  is 
given of  several values of  n £or d i f f e ren t  mechan i sms  based on  c o n s t a n t  or  
zero nuc lea t ion  rate .  If  t he  nuc l ea t i on  ra te  changes,  n is n o t  cons t an t :  w h e n  
the  nuc lea t ion  ra te  increases,  n is h igher  t h a n  in t he  case o f  c o n s t a n t  nuclea-  
t ion  rate ,  and  for  a decreasing nuc l ea t i on  ra te ,  n will  lie b e t w e e n  those  for  
cons t an t  and  zero nuc lea t ion  rate .  

The  results  ob t a ined  f rom eqns.  (1) and  (2) d i f fer  b u t  can easily be con-  
ve t ted  into  each o the r  

g(~) = g . (~) i~ .  (3) 

hence  

k .1/" = k (4)  

k* and  k are r ep resen ted  by  the  n o r m a l  Arrhen ius  e q u a t i o n  and  h e n c e  

A * l / n  = A a n d  E * / n  = E (5) 

To t race  the  origin of  eqns.  (1) and  (2) some  simple and  specific r eac t i ans  
will be analysed in m o r e  detai l .  

Fo r  a r eac t ion  wi th  a cons t an t  n u m b e r  o f  nuc le i  per  un i t  l ength  (N1), or  
w h e n  at  t he  beginning  of  t he  r eac t ion  a cons t an t  n u m b e r  of  nuc le i  is f o r m e d  
i m m e d i a t e l y  (site sa tura t ion) ,  and  assuraing one -d imens iona l  g rowth ,  t he  
reac t ion  ra te  is given by  

da  
- N l k !  d t  ( 6 )  

dt  

To t ake  overlap of  nuc le i  in to  a c c o u n t ,  t he  r igh t -hand  side of  eqn.  (6) mus t  
be mul t ip l ied  by  (1 - - a )  [2 ,3]  

da  
"dt = N1kl d t (1  - -  ~) (7) 

In tegra t ion  results  in 

--In(:[--~) = f Y lk l  d t  = f k,  at (8) 

For  i so thermal  reac t ions  kg is cons tan t ,  hence  

- - i n ( 1  - -  ~ )  = /~gt  (9 )  
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I f  n u c l e i  g r o w  i s o t h e r m a l l y  in  t h r e e  d i m e n s i o n s  w i t h  a n  e q u a l  r a t e  c o n -  
s t a n t  f o r  e a c h  d i m e n s i o n ,  a n d  a l l o w i n g  f o r  o v e r l a p  

- - l n ( 1  - - ~ )  = c ~ r 3  k l  d t  = k 3 t  3 (10)  

E q u a t i o n  (10 )  is g e n e r a l l y  w r i t t e n  l ike  e q n .  [ 2 ] :  - - l n ( 1 -  ~ ) =  k * t  3 o r  [ - - ln -  
(1 _ ~ ) ] , n  = ha t [ e q n .  ( 1 ) ] .  E q u a t i o n  (2)  r e su l t s  is a n  ove ra l l  va lue  f o r  all 
d i m e n s i o n s ,  e q n .  (1)  in  a v a l u e  f o r  o n e  d i m e n s i o n .  

T h e  r a t e  e x p r e s s i o n s  a re  d i f f e r e n t  f o r  r e a c t i o n s  in  w h i c h  t h e  n u m b e r  o f  
g r o w i n g  n u c l e i  i nc reases .  A t  c o n s t a n t  n u c l e a t i o n  r a t e  t h e  n u m b e r  o f  n u c l e i  
f o r m e d  b e t w e e n  t = ~" a n d  t = 7 + d r  is g iven  b y  

dN = kf(n_i)/Vf(._1) dr (II) 

I f  n u c l e i  g r o w  in o n e  d i m e n s i o n ,  t h e  c h a n g e  in  l e n g t h  p e r  u n i t  l e n g t h ,  o r  
t h e  c o n v e r s i o n  a t  t i m e  t f o r  t h e  n u c l e i  f o r m e d  b e t w e e n  r a n d  T + dT is: d ~ r  = 
k f l N f l d r / z l d t  o r  d~ r  = k f d T k g d t ;  o n  i n t e g r a t i o n  o n e  f i n d s  

t 
= kf dr f kg dt (12) cv~. 

T 

The total conversion is obtained by integration of eqn. (12) from ~" = 0 to 
r = t. When allowing for overlap this results in 

t 

--ln(1--~')--- f (kf /kgdt) dr (13) 
0 

F o r  i s o t h e r m a l  r e a c t i o n s  

- - l n ( 1  - -  ~)  = ½kfkg t  2 (14 )  

I n  t h e  case  o f  t h r e e - d i m e n s i o n a l  g r o w t h  w i t h / z  i e q u a l  f o r  all d i m e n s i o n s ,  w e  
m a y  w r i t e  

d ~  = hf3N~3 drC3[ tz ,  d t ]  3 =/z~ dT[k~ d t ]  ~ (15)  

w h i c h  o n  i n t e g r a t i o n  f o r  an  i s o t h e r m a l  r e a c t i o n  w i t h  o v e r l a p  r e su l t s  in  

--In(l --~) = l i ~  ,. ,3÷4 ~,~,,~g ~ (16) 

T h i s  c a n  b e  w r i t t e n  a s - - l n ( 1 - - ~ )  = k * t  4 [ e q n .  (2 ) ]  o r  [ - - l n (1  _ ~ ) ] w 4  = k t  
[ e q n .  ( 1 ) ] .  A g a i n ,  t h e  n o r m a l  s u b s t i t u t i o n s  o f  e q n s .  (4)  a n d  (5)  m a y  b e  u s e d  
t o  c o n v e r t  va lues  f r o m  e q n .  (1)  t o  e q n .  (2)  o r  v i ce  versa .  H o w e v e r ,  b o t h  
e q u a t i o n s  [ (1 )  a n d  (2 ) ]  n o w  r e s u l t  in  overa l l  va lues  

k*  = ! 
n 

and 

Af = N f ( . - - z ) A f ( . - z )  

w i t h  A* = 1-"AfA'~-x a n d  E* = Ef  + (n - -  1) Eg (17)  
n 

= V !  A E ,  + ( n -  i) 
w i t h  A Ln "=f'=g J and E = n 

= " 'z / (n- - i )A-  ( f o r  n = 2, 3 a n d  4)  and Ag t,(n__ 1 ) 

(18) 

(19 )  



318 

The  general  equa t ion  relat ing convers ion  to  t ime ,  t ak ing  in to  a c c o u n t  over- 
lap, is 

da  t 
f [G( t ,  r)] m N f ( r )  d r  (20) 

1 ~  o~ 
0 

in w h i c h  G(t ,  r )  is a measure  for  t he  size at  t ime  t o f  a nuc leus  f o r m e d  at 
t ime  r and  equals normal ly :  C t r f k l d t N f ( r )  gives t h e  n u m b e r  of  nuc le i  f o r m e d  
at t ime  r .  In  i so thermal  reac t ions  t he  G and  N func t ions  are usual ly  c o n s t a n t  
and  in tegra t ion  is s traight  fo rward ,  as was s h o w n  above." 

Summaris ing ,  for  g rowth  of  a cons t an t  n u m b e r  o f  nucle i ,  eqn.  (1) resul ts  
in ac t iva t ion  energies for  g rowth  in one  d imens ion ,  and  use o f  eqn.  (2) 
results  in an ac t ivat ion energy n t imes  the  value ob t a ined  by  using eqn.  (1). 
Fo r  g rowth  c o m b i n e d  wi th  nuc lea t ion  overall  values are o b t a i n e d  [see eqns.  
(17) - - (19) ] .  

NON-ISOTHERMAL REACTIONS 

Problems airse w h e n  non- i so the rmal  expe r imen t s  are p e r f o r m e d  w h i c h  
mus t  be analysed.  Some  au thors  [4--7]  use equa t ions  o b t a i n e d  by  dif feren-  
t ia t ing eqn.  (1) and  apply  the  equa t ion  ob t a ined  to  descr ibe  the  ra te  of  non-  
i so thermal  react ions .  However ,  the  derivat ive o f  eqn.  (1) is n o t  valid for  non-  
i so thermal  reac t ions  and  m a y  be appl ied  to descr ibe  i so thermal  t ransforma-  
t ions  only ,  e.g. as appl ied by Erofeev  [8] .  Never theless ,  this  i nco r rec t  proce-  
dure  is o f t en  appl ied and  will  be s h o w n  here .  

When eqns.  (1) and  (2) are d i f f e ren t i a t ed  t he  fo l lowing  equa t ions  resul t ,  
respect ively  

da - - -  kn [ - - ln (1  --  a ) ]  i - i / "  d t  (21) 
1 - - a  

da 
- -  - k * n t  " - i  d t  (22) 

On in tegra t ion  

[--ln(1 --  a ) ] i m  = g(a) = fk dt  (23) 

and  

-- ln(1 --  ~) = g*(a) = f k * n t  " - i  d t  (24) 

Fo r  i so thermal  reac t ions  eqn.  (3) is valid: g ( a ) =  [g*(a ) ]  TM. However ,  for  
no.n-isothermal reac t ions  this  is general ly  n o t  co r rec t  because  k and  k* are 
not constant and 

If  n = 1 it is still co r rec t  of  course.  F r o m  this example  it is seen tha t  at  least  
one  of  the  derivatives o f  the  equa t ions  valid for  i so the rmal  reac t ions  m a y  n o t  
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be appl ied to  non- i so the rmal  react ions .  The  cor rec t  p rocedure  involves inte-  
gra t ion  of  t he  f u n d a m e n t a l  express ion valid for  do~/dt such as eqn.  (69. This  
in teg ra t ion  is shown  below,  again for  t he  s imple cases previous ly  described.  

Fo r  a non- i so thermal  reac t ion  w i th  a cons t an t  n u m b e r  of  nuclei ,  one- 
d imens iona l  g rowth  and  t ak ing  in to  a c c o u n t  overlap, eqn.  (7) gives 

C d~ --In(l --~) f]~rl/zl d t  f Jl--e = = = J/~ dt (26) 

For three-dimensional growth, with kl equal for all dimensions, and with 
overlap 

do [0: fl_ =--In(l--G)=C3Na k, dt]3=[/ k. dt] 3 
0 

(27) 

o r  

t 

[--In(l _~)],la = $ k,, dt (28) 
0 

The general  result is 
t 

[-- ln(1 --  a ) ] 1 / ,  = f kg d t  (29) 
o 

which  is equal  to  eqn.  (23).  Thus,  for  a t r ans fo rma t ion  wi th  a cons t an t  
n u m b e r  of  nucle i  (or site sa tura t ion) ,  use o f  eqn.  (23) results  in correc t  
values, a l though  an incor rec t  p rocedure  was fo l lowed  for  its der ivat ion.  This 
implies t h a t  use of  eqn.  (24) is n o t  a l lowed [see eqn.  (25)] .  

For  a reac t ion  wi th  a cons t an t  nuc lea t ion  ra te  the  equa t ion  ob ta ined  for  
g rowth  in n - -  1 d imens ions  reads 

' [ /  4 d~ =fk, kgd n--I dr (30) 
1 - -~ )  o 

When ins tead of  th is  re la t ion  eqn.  (23) is applied,  some overall  values for  the  
kinetic parameters will be obtained. However, at first sight it is not clear 
whether use of eqn. (23) with the substitutions valid for isothermal reactions 
[eqn. (18)] will result in the correct kinetic parameters, as in the case with 
reactions with a constant number of nuclei. To resolve this question, the 
integrals in eqns. (28) and (30) will be solved by approximation and the 
results compared. 

First eqn. [28]: g(a) = [--In(l -- m)],m = Ikdt. Usually a linear heating 
rate is employed in non-isothermal experiments, thus T = To +/3 t and dt = 
dT/~. With those substitutions eqn. (23) can be solved (cf. Doyle [9]) 

t / --ERT dTv A E  / e x p ( - ~ ) x ~  x 2 g(~) J k d t  A exp a am 
0 T o x 0 

f 
x 0 x 

~c 

(31) 
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wi th  x = E/RT; Xo being > > x ,  t he  f irst  integral  can be neglec ted  and  eqn. 
( 3 1 )  reduces to 

g(~) = ~ p(x) (32) p ~  

wi th  

exp(--x)  
p(x) = x2 - dx (33) 

The func t ion  p(x)  is app rox ima ted  using the  re la t ion  

f 5 e--~x -b dx "~ x i-'b e -~  xm+l (34) 
m - - 0  

x 

as was done  b y  Coats  and  Redfe rn  [10] .  When on ly  the  first  t e rm of  this  
series is used the  resul t  is 

g(a)= [ _ l n ( l _ a ) ] ~ , .  AE A R - a  (--RE-~T) = - ~ -  p(x)  = - ~ -  T exp (85) 

Now eqn. (30) will  be solved for  n = 2, i.e. for  nuc lea t ion  and one-dimen-  
sional g rowth  

' [7 } --hi(l -- a) = f k, kg dt dr (86) 
0 r 

First the integral on the right ".m solved, using the following substitutions 

T = To + [3t dt = dT dT r I 1 , -~- ,  Tr=To+{3r,  d r -  ~ , ~ - = y  a n d - ~ - r = u  

f kg dt = Ag exp --  d t  = - -  
r r [3 1 I T  r 

= _ A___gg / y2 dy 
U 

_?[? f°e=P 
V 

exp ( - - ~ ) T  a d(~) 

y2 

_ A g E g [ ;  exp(--xg) 
~R x x~ dx~-- 

wi th  

exp(--xg)  dxg 1 (37) 

Eg Eg 
xg = R y and ug = ~ -  u (38) 
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The integrals axe again approximated by  the first term of the funct ion used 
by Coats and Redfern [eqn. (34)] ,  resulting in 

'/eg dt = A~Eg r.exp(--~g ) exp(_:--u,)] (89) ? 
T 

Substi tuted in (36) 

--ln(1 - - a ) =  f kf X ~TL r exp ~--~) --  Tr 2 exp --RT~. 
0 

kf = Af exp (" Ef 
1 

and Y0 - thus To 

--In(l--C~) = A:~A,R ~ex,(----~)[ 
-- E~/3 2 X f v2 

Y0 

exp(--~y) 
y2 

~,A,R~exP(~Y) ~exp 
z,~ L ~ xj~ 

:e 0 

(-~ o) 
1) 2 

dv 

dr  (40) 

exp (--~'~ v) 

exp{ (El + Eg)v) 
R dv I (42) 

f " 13 4 
Y0 

dv 

(41) 

v being the variable over which eqn. (42) is integrated. According to Doyle 
[9],  the  value of the integral for the lower limit is very small and can be 
neglected. Using the substitutions of  eqn. (38) and the approYimation of  
eqn. (34), the solution of eqn. (42) becomes 

AfAgRI_ ~ exp ( - - ~  -~gy ) / exp(--uf) (El + E~) 3 
Eg/32 X ya X u~ duf R3 

x f  

X / exp(-----uw)duw 1 
X%v 

with 

Ef Ef x ~ = ~ y ,  uf=~-v, Xw (E~ + E~) (El + Eg) 
= R y and Uw = R 13 

_ A~AgR 
Eg[3 2 ~-~ X y2 

E f  exp(--~) 
x y2 

R 
(Eg + ED 
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exp{ (Ef + Eg) } 

X y4 - EfEj3a X X exp ' /~T 1 (E~+ Eg) 

(43) 

For  g rowth  in two  or th ree  d imensions ,  eqn.  (30) can be solved in the  same 
manner ,  result ing in, respect ively 

--ln(1--o~)=Af(Ag~2(-~)ST6exP{Ef\Eg] (Ef+2Eg)}[ 1 R T  

and 

--ln(l --a) =--~- LEg/ 

[ 3El 3El Ef ] 
X 1 E~+Eg ~ E~+2Eg E~+3E~ 

+ 3Eg) } 
R T  

2El + Ef 
E~ + Eg E~ + 2Eg d 

(44) 

(45) 

When eqn.  (45) is raised to  the  power  1/4  it can be c o m p a r e d  to  eqn.  (35) 
wi th  n = 4. In to  eqn.  (35) we subst i tu te  for A and E the  relat ions given in 
eqn.  (18), valid for i so thermal  react ions.  Thus,  eqn.  (35) becomes  

[ I A  A 3 ~ 1 / 4  4 ~  
__ ~ x - ~ f Z - ~ g  ,/ g(a) = [--ln(1 --  a) ]  w4 - 

(E~ + 3E~)/3 
T= exp { (E~ + 3Eg) } 

- -  4 R T  (46) 

It  is seen tha t  this expression differs f rom eqn.  (45) raised to  the  power  1/4, 
excep t  w h e n  E~ = Eg. 

To show the  d i f fe rence  b e t w e e n  eqns. (46) and  (45) the  convers ion is cal- 
cula ted as a func t ion  of  t he  t empera~ t re  for  some  selected Mnet ic  parame- 
ters. The  result  is shown in Fig. 1. Equa t ion  (46) results in slightly higher  
conversions t han  eqn.  (45). The  di f ferences  b e t w e e n  the  two  equat ions  

° 

o e  / 

t /)/ 
0 I - t I 

3 0 0  310 3 2 0  3 3 0  3 4 0  
t e m p e r o t u r e  (K )  

Fig. 1. Conversion as function of temperature calculated from eqns. (45) ( 
(46) ( . . . . . .  ), with Af = 10 ~ s - i ,  E l =  60 kJ mole - i ,  Ag 

= 0.03 K s -i. 

) and 
= 1 0 4  s - l ,  E g  = 4 0  k J  m o l e  - !  a n d  
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d e p e n d  ma in ly  on  the  d i f f e rence  b e t w e e n  Ef and  Eg. Thus ,  the  value for  A 
ob t a ined  f rom eqn.  (35) does  n o t  agree wi th  those  o b t a i n e d  f r o m  i so the rmal  
mea su r e m en t s .  However ,  t he  t e m p e r a t u r e  d e p e n d e n c e  o f  eqn.  (46) is equal  
to t h a t  o f  eqn.  (45);  thus ,  t he  subs t i tu t ion  E = [E~ + (n - -  1 )Eg] /n  applies to 
t he  ac t iva t ion  energy  in (35) and  equal  values are f o u n d  f rom i so thermal  and  
non- i so the rma l  exper imen t s .  This means  t ha t  eqn.  (23) can also be appl ied  to  
ob ta in  the  value o f  t he  ac t iva t ion  energy  o f  reac t ions  wi th  a c o n s t a n t  nuclea-  
t i on  rate .  

Several au thor s  [4 ,11 ,12]  have stressed tha t ,  besides non- i so the rma l  
expe r imen t s ,  an i so thermal  e x p e r i m e n t  should  a lways  be p e r f o r m e d  w h e n  
t ry ing  to  establish the  m e c h a n i s m  of  a reac t ion .  To f ind  the  m e c h a n i s m  as 
well  as t h e  ac t iva t ion  energy  f rom non- i so the rma l  expe r imen t s ,  In g(~) /T  ~ is 
usual ly  p l o t t e d  against  1/T. When a s traight  l ine is f ound ,  g(~) is cons ide red  
to  r ep resen t  t he  co r rec t  mechan i sm .  However ,  it  can  easily be s h o w n  t h a t  for  
all values o f  n s t raight  lines will be o b t a i n e d  wi th  ac t iva t ion  energies depend-  
ing on  n. Fo r  example ,  assume a r eac t ion  involving nuc l ea t i on  and  three-  
d imens iona l  g rowth ,  i.e. t ha t  n = 4, eqn.  (45) is t h e n  valid. The  expe r imen t a l  
results  are ana lysed  wi th  eqn.  (35) for  n = 1, 2, 3 and  4. For  n = i ,  
In { [-- ln(1 - - ~ ) ] / T 2 } ,  is in fac t  equal  to  In [eqn.  (45) ] ,  wh ich  is 

nL~-Vf [E.] [1 - . . . 1  + 6 In T - - E ' R T  + 3E~ 

A plo t  o f  l n{ [ - - ln (1  - - e ) ] / T  2} against  l I T  will t hus  resul t  in a s traight  l ine 
wi th  an ac t iva t ion  energy  of  a b o u t  (E~ + 3 Eg) beca, ,se t he  change  in t he  
f ac to r  In T is negligible,  t h e  r eac t ion  usual ly  occur r ing  in a n a r r o w  tempera -  
t u re  region.  More  genera l ly  speaking,  t he  ac t iva t ion  energy  f o u n d  for  a given 
n value equals  (E~ + 3 Eg)/n. The  ac t iva t ion  energy  thus  depends  on  the  value 
of  n. This e f fec t  was indeed  f o u n d  expe r imen ta l l y  by  D h a r w a d k a r  e t  al. 
[ ] . ] . ] .  

On the  basis o f  the  above,  t he  use o f  the  p lo t  o f  l n [ g ( a ) ] / T  2 against  l I T  is 
cons ide red  unsu i t ab le  for  establishing the  m e c h a n i s m  of  a reac t ion .  An iso- 
t h e r m a l  e x p e r i m e n t  is necessary  to  f ind  the  cor rec t  value o f  n w h i c h  in t u rn  
is n e e d e d  to  establish the  ac t iva t ion  energy.  Only  for  the  co r rec t  value of  n 
are t he  ac t iva t ion  energies f r o m  i so thermal  and  non- i so the rma l  expe r imen t s  
ident ical .  

The  above  conc lus ion  presupposes  the  use o f  eqn.  (1). I f  eqn.  (2) is used  
to  derive t he  ac t iva t ion  energy  f rom i so thermal  exper imen t s ,  one  f inds E = 
E~ + 3Eg and  n = 4, whereas  app l ica t ion  of  eqn.  (23) [or  (35)]  for  non-iso- 
t h e r m a l  e x p e r i m e n t s  results  in E = (E~+ 3Eg)/n; t he  ac t iva t ion  energies 
der ived  f rom i so the rma l  and  non- i so the rma l  expe r imen t s  are no longer  t he  
ssme.  The re fo re ,  t h e  use of  eqn.  (1) is p re fe r red .  

CONCLUSIONS 

The equat ions  

[ - - in(1  - -  ~)]11n = kt (1) 
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and 

--in(l -- ~) = k' t"  (2) 

may be used to describe the kinetics of isothermal reactions. Kinetic parame- 
ters from both equations can easily be converted into each other [eqn. (5)]. 

Although use of the derivative of eqns. (I) and (2) to analyse non-iso- 
thermal experiments is not correct, the use of the derivative of eqn. (I) 
results in the correct kinetic parameters for reactions with growth of a con- 
stant number of nuclei. 

For reactions with nuclei growth and a constant rate of nucleation only 
overall values can be obtained. Here too, the derivative of eqn. (I) can be 
used to obtain the correct overall activation energy, but the overall pre- 
exponential factor A may differ from results obtained from isothermal expe- 
riments, depending on whether the activation energies for nucleation and 
growth differ much. 

Analysis of a reaction with non-isothermal experiments only will not 
unequivocally reveal the correct mechanism, nor the correct activation 
energy. At least one isothermal experiment is necessary to establish the value 
of n. Only for the correct value of n will identical values for E result from 
isothermal and non-isothermal experiments; eqn. (I) and its derivative must 
then be used. 

Since the derivative of eqn. (2) cannot be applied in interpreting non-iso- 
thermal experiments, the use of eqn. (I) or its derivative is recommended for 
analysing isothermal or non-isothermal experiments, respectively. 

L I S T  OF SYMBOLS 

A , A *  

C, C3, Cn--1 
E, E* 
G(t, ~) 
lz, k* 
m 

N 
N f l ,  Nf3 ,  Nfcn--1) 
Nf(r) 
n 

R 
T, To 
t, 7 

Subsc r ip t s  
f 
g 
I, 2, 3 

conversion 
pro-exponential factors 
heating rate (K s -I) 
form factors 
activation energies (kJ mole -l ) 
growth function 
r e ac t i on  ra t e  c o n s t a n t s  
n u m b e r  o f  d i m e n s i o n s  in wh ich  g r o w t h  occu r s  
n u m b e r  o f  nucle i  ( pe r  un i t  l eng th ,  su r face  or  v o l u m e )  
n u m b e r  o f  p o t e n t i a l  g r o w t h  nucle i  ( " g e r m  nuc l e i " )  pe r  un i t  ( l eng th)  n -1  
n u m b e r  o f  nucle i  f o r m e d  at  t i m e  r 
o rde r  o f  r e a c t i o n  
gas c o n s t a n t  (k J  m o l e  -1 K -1)  
t e m p e r a t u r e s  (K)  
t imes  

For nuclei formation 
For growth 
Number of dimensions 
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