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The possibility of using the KEKAM equation :~ = 1 -- exp (--ktO in the kinetics 
of non-isothermal transformations is discussed. Calculation methods are proposed 
for the determination of the kinetic exponent n from thermoanalytical curves within a 
chosen temperature range. 

It is a prevalent trend in our days to gather information, both in theoretical and 
practical studies, on the kinetics and on the assumed mechanism of  non-isothermal 
transformations by the computerized analysis of  some set of  kinetic equations based 
on some accepted model conception concerning the course of  the solid-state chemi- 
cal reaction [1, 2]. The kinetic characteristics obtained after computations (the 
activation energy E of the reaction, the pre-exponential factor k 0 in the Arrhenius 
equation, and the mechanism functionf(~) of  the reaction) are presumed to have a 
real physical meaning. However, a fact known from the experience of isothermal 
kinetics must be borne in mind, namely that the true, existing kinetic curve may 
formally be described by a number of  kinetic equations based on different or even 
contradictory model conceptions [3]. If, on the other hand, the kinetic curve in 
question cannot be described by a given kinetic equation, then the corresponding 
model may with certainty be excluded from considerations. However, it should be 
mentioned here that the kinetic characteristics (E and k0) obtained in isothermal 
kinetics by using different kinetic equations frequently differ only slightly [3]. 

The situation is quite different in non-isothermal kinetics, where the kinetic 
characteristics E and k 0 largely depend on the form of the kinetic equation taken 
into account [4]: 

dc~ 
- K ( T )  " f (u)  (1) 

dt 

and also on the chosen temperature program [5]. 
This difficulty can be avoided by deliberately using a more general kinetic 

equation for the calculation of the kinetic characteristics all the rest following from 
this equation. The combined K o l m o g o r o v -  E ro feev -  K a z e e v -  Avrami - Mam- 
pel equation (abbreviated K E K A M )  [6 -10 ]  is one of these general equations: 

=- I - e x p  ( - K t n ) .  (2) 
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The differential form of the KEKAM equation under isothermal conditions is: 

d 
- nk 1In ' (1 - ~) [ - i n  (1 - c0] 1-1/n. (3) 

dt 

Basically, the starting equation (2) is derived from topochemical considerations 
on the course of chemical reactions in isothermal conditions. Kazeev [8] derived 
this equation from concepts of the theory of similarity and succesfully applied it to 
describe a wide range of chemical reactions. Voldman [11 ] demonstrated that the 
kinetic exponent n in Eq. (2) does not always necessarily have a topochemical 
meaning. In our opinion, the KEKAM equation, in the most general case, may be 
considered as the function of the a posteriori probability of  the degree of trans- 
formation. By determining from experimental data the corresponding kinetic (or 
probability) characteristics k and n, one will, in the majority of cases, succeed in 
describing the actual kinetic curve, disregarding - as a first approach - the actual 
mechanisms of the transformation. In addition, lately the potentials of the formal- 
kinetic analysis based on the KEKAM equation have substantially increased, as a 
result of finding the compensation relationship [12-14] between the kinetic 
parameters k and n: 

I n k  = a - b n .  (4) 

The values of k and n may change owing to a number of causes: dispersity of 
the starting solid material, defects in the crystal lattice, change in the number of 
the potential centres of the reaction, effected by external factors: method of prepar- 
ing the starting material, preliminary thermal treatment, effect of radiation, ageing 
of the specimen etc. For the decomposition of a given substance, the joint variation 
of the kinetic parameters k and n will finally be limited by the compensation rela- 
tionship in the form of Eq.(4). 

To describe the kinetic curves under the conditions of programmed heating, the 
KEKAM equation may, on principle, be applied, assuming that the kinetic param- 
eters k and n change with temperature according to the Arrhenius equation: 

k = k o exp ( - E / R T )  and n = n o exp ( -~/RT) .  (5) 

The use of Eq. (2) in non-isothermal kinetics in the general case is already known 
in the literature [15-17], but its use has not specially been analyzed. In the fol- 
lowings, the application of the KEKAM equation will be considered in more detail 
for linear, exponential and hyperbolic heating, assuming that the kinetic exponent 
n changes little with temperature, and hence, over a certain temperature range, it 
may be replaced by the constant h. 

Let us write the initial equation (2) in the following form: 

- l n  (1 - c~) = k o exp ( - E / R T )  t '7 (6) 

or in the logarithmic form: 

In [- ln(1 - ~)] = - E / R T  + h In t + In k 0. (7) 
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Under the conditions of  a non-isothermal course of the transformation process, 
the temperature functionally related to time by the given program is 
(i) linear: T = T o + fit 
(ii) exponential: T = T o exp at  
(iii) hyperbolic: 1/T = 1/T o - r/t. 

Differentiation of Eq. (7) yields 

E = RT2(dc~/dt) nRTZ 
(8) 

q(1 - or)I-In (1 - ct)] tq 

where q = dT/dt  is the rate of temperature increase in all points of  the kinetic 
curve. For linear heating q = ft. From Eq.(8), an interesting conclusion can be 
made regarding the possibility to estimate the value of  the activation energy in 
every point of the thermokinetic curve, under the condition that the kinetic expo- 
nent n is a priori known (or at least some mean value h in the temperature range in 
question), and the transformation rate in every moment is accurately determined. 

Several computation methods for determining the mean value h over the chosen 
transformation range from a(Tl) to ~(T2) can he proposed, if it is assumed that the 
activation energy E is constant within this range. For linear heating, Eq. (8) will 
yield 

T~(dT/dt)~ TgZ(dc~/dt)z 

( 1  - cq)[ - ln  (1 - ~x1) ] (1 - ~x2)[-ln (1 - ~z)] 
. . . . . .  -T '~/ t l -  T~/t 2 -  (9) 

and for non-linear temperature programs: 

T~(dT/dt )l T~(da/dt )2 

4 -  (1-  2)i- 
r~ / t l q~ -  Ti/t~qz 

Let us now consider another method for the determination of the kinetic expo- 
nent, utilizing only one integral thermokinetic curve within the limits c((T0 and 
e(T2), with c~(Tm) symbolizing maximum rate of  transformation. For  this case, the 
following set of equations can be written: 

In (1 - am) _ _  (tm/fi) ~ . exp ( -  E /RTm + E/RT1) 
ln ( l  - ~)  

(ll) 

In (1 -- c~2) _ (t2/tm)g . exp (-- E / R T  2 + E/RTm). 
In (1 - ( ~ m )  

On principle, one can always chose such values for 7"1 and T 2 that the following 
relationship be satisfied: 

~ % - r l  ~ - 7-,. 

Tm" T 1 T2" T m 
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After having chosen the temperature TI out of certain considerations, the con- 
jugate temperature T 2 can be determined analytically: 

T~'rm 
T2 = 27'1 - T m " (12) 

oC 

400 

300 

200 

100 

0 

E 0.90 
E 

0.75 

0.60 

=~ 0.45 

0.30 g 
0.15 

,7, 0 

-IJ 

n 

0 

m 

_ - -  0.4, 

-- - - 0 . 2  

f o 
320 340 360 380 400 420 

T e m p e r o t u r e  1 ~ 

Fig. I. Dilatometric curve of aragonite 

Taking into account this condition, the set of  Eq.(11) can be transformed into a 
simple expression to determine ~: 

ln{ [--In (1--  C~m)]Z -} 
= [-- In (1 -- "0] [-- In (1 -- .~)] 

In ?m/ 6 " tz 
(13) 

By way of  example for the proposed method, let us consider calculation of the 
kinetic constants of  the transformation of  aragonite into calcite by means of the 
dilatometric curve [18 ] reproduced in Fig. 1. For a linear temperature increase rate 
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o f  4~  and  a s ta r t ing  t e m p e r a t u r e  o f  the  t r a n s f o r m a t i o n  T o = 593 K,  the  fol-  
l owing  bas ic  d a t a  for  the  ca l cu la t ion  can  be o b t a i n e d  f r o m  the  t h e r m o d i l a t o g r a m  : 

T1 = 633 K T,n = 644 K 71, 2 = 655 K.  

1 - cq = 0.80 1 - a m = 0 . 5 7  1 - 7z = 0.27 

tl  = 10 rain t,~ = 12.75 ra in  t 2 = 15.5 m i n  

By i n t r o d u c i n g  these d a t a  in to  Eq.(13) ,  the  k ine t i c  e x p o n e n t  ~ = 1 is o b t a i n e d .  
F o r  the  ac t i va t i on  ene rgy  o v e r  the  t e m p e r a t u r e  r ange  T,  to  7;, 2, the  f o r m u l a  

In (1 - cq) T1 - To 

In (1 - %) T 2 - T o 
exp  ( E / R T ,  2 - E / R T 1 )  

yields  the  va lue  E = 49 kca l /mol ,  be ing  iden t ica l  w i th  the  l i t e ra tu re  va lue  r e p o r t e d  
in [18] and  k = 1.6.1014 sec -1. 

The  ca lcu la t ion  o f  the  k ine t i c  charac te r i s t i c s  f r o m  a single dif ferent ia l  d i l a to -  

me t r i c  curve  us ing  Eqs  (8) and  (9) yields unsa t i s f ac to ry  resul ts ,  o w i n g  to the  objec-  

t i onab le  t r a n s f o r m a t i o n  o f  the  T D  curve  in to  the  D T D  cu rve  in the  g iven  exper i -  

ment .  
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R~SUM~ - -  On discute la possibilit6 d'appliquer l '6quation de K E K A M  ~ = I -- exp ( - -k t  n) 
~t la cin6tique des transformations non isothermes. On propose des m6thodes de calcul pour 
d6terminer l 'exposant cin6tique n fi partir des courbes thermoanalytiques, dans un intervalle 
choisi de temp6rature. 

ZUSAMMENFASSUNG - -  Die MOglichkeit der Anwendung tier KEKAM-Gleichung ~ ----- 1 -- exp 
( - -k t  ~) bei der Kinetik nicht-isothermer Umwandlungen wird beschrieben. Berechnungs- 
methoden zur Bestimmung des kinetischen Exponenten n aus thermoanalytischen Daten in 
einem gewtihlten Temperaturbereich werden vorgeschlagen. 

PeatoMe--O6cy~,j~aeTc~ BOaMO~HOCTb Hcnonb30Ban~ypaBne~naI - (EKAM~= 1-exp ~kt  0 
B rrtaeTnKe neHaoTepMrI~ecmtxnpeBpameH~.l-Ipe~aaratoTca pacneTRmeMeTO~Uorrpe~eaentta 
raneTa-~ecroro noraaaTeJ~n 53 TepMoaHaaaTHaecK~x KpaBblX BHyTp~ Bbi6parmoro TeMrtepa- 
Typaoro naTepaaaa. 
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